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Abstract. 
This project initiated the study of a range of hitherto uninvestigated 
mutants of Arabidopsis thaliana with abnormal gravitropic responses. 
Genetical analysis showed that the three mutant lines agr-i, agr-2 
and agr-3 that were the principal subjects of the study are allelic, 
and caused by mutations at a locus distinct from that of the agravitropic 
mutant, aux-1. Dominance relationships were established between the 
phenotypes of the three allelic mutants, which are all recessive to the 
wild type. The results of the analysis of the mutant agr-1 suggest 
nionofactorial inheritance. 
An ultrastructural study showed that the agr iiiutant phenotypes are 
not caused by altered perception of gravity due to gross alterations in -
root cap structure or by the failure of amyloplasts to sediment witnin 
the statocytes of the root cap. 
The roots of agr-1 were found to have a normal response to the 
inhibitory effects of 2,4-D, but those of agr-3 have an approximately 
two-fold increase in sensitivity. The roots of agr-2 also appear to 
have a slight increase in sensitivity but at a very low level which is on 
the limits of detection. 
4 • Detailed analysis of gravitropic curvature and root growth during 
curvature was carried out by time lapse photography. The roots of agr-i 
are agravitropic and the mutants agr-2 and agr-3 were found to have 
both reduced rates of curvature and early cessation of curvature. The 
roots of agr-3 also show negative gravitropism as a variable trait. The 
presentation time of wild type roots was estimated at between 5 and 10 
minutes. 
5. The increased sensitivity of agr-3 roots to 2,-D and the decreased 
sensitivity of the previously reported aux- i and Dwf mutants may be 
caused by alterations in auxin receptors. The development of an auxin 
binding system was initiated in wild type Arabidopsis and in the mutant 
aux-1. Reversible binding of napthaleneacetic acid (NAA) was found 
repeatedly in crude membrane extracts, but appears to be of low affinity 
and specificity. Binding in aux-i was similar to that in wild type. 
CHAPTER 1 
INTRODUCTION 
1 • . Gravitropism. 
In the early development of nigher plants, the ability to position 
the primary root and the shoot in such a way that will maximise use 
of the available lignt, water and mineral nutrients is a critical 
requirement for seedling survival. Positive orthogravitropism of the 
primary root is one of the principal means by which the seedling 
establishes its root system in the soil, and in the dark, the shoot 
grows upwards under the sole influence of gravity in the direction in 
which it is most likely to encounter a source of light. 
Despite its importance, gravitropisLn is still a poorly understood 
phenomenon, and progress has been hindered by a lack of understanding 
of the fundamental processes involved and by conceptual problems in 
devising new approaches to an intransigent problem. Gravitropism has, 
however, been recognised as a useful model system for tne study of 
stimulus-response coupling and cellular communication in plants and 
there has been a recent upsurge in interest, as evidenced by the 
publication of numerous reports in the last five years. In many of 
these studies the value of a genetic approach has been realised, and 
attention is being increasingly drawn to the study of mutants. 
This study is concerned primarily with mutants with altered root 
gravitropism and a comprehensive review of the studies in ooth root 
and shoot gravitropism is not appropriate, but it is impossible to 
discuss one without reference to the other. For this reason the bulk 
of this introduction is concerned with roots, but certain arguments 
apply to them both, and examples of shoot gravitropism are used where 
I 
appropriate. 
In general terms, gravity exerts its influence on physical bodies by 
acting as a force upon their masses, and our observations that plant 
organs orientate themselves with respect to the Earths gravitational 
field mean that gravity must influence mass within the plant and the 
result of this must be modification of cell growth governing the 
orientation of the plant organs. The location of the parts of the 
root responsible for the perception of gravity and differential 
growth response are physically separated, and because of this 
gravitropism has traditionally been divided into the three phases; 
perception of the stimulus, transduction of a signal to the zone of 
cell elongation and the physiological growth response which leads to 
curvature. Strict adherence to this convention may be one of the 
factors limiting the scope of our thinking in looking for new 
solutions to the problems posed by gravitropism, but it can serve as 
a useful model and facilitates the introduction to the field. 
1.1.1. Perception. 
In his major review of gravitropism, Wilkins 4 quotes Naegeli (1858) 
as providing the first documented case of starch granules being 
observed to sediment under the influence of gravity, and Berthold in 
1886 first suggested that this movement might be related to the 
perception of gravity by plants. In 1900, Haberlandt and Nemec 
published independent studies in which they made extensive 
correlations between the occurence of sedimentable starch in plant 
organs and the graviresponsiveness of these organs. 
1.1.2. The Starch Statolith Hypothesis. 
These observations led to the formulation of the Starch Statolith 
Hypothesis, which has persisted in a modified form until the present 
day as the principal explanation of the first step in the perception 
of gravity by plants. It is now clear that starch granules do not 
exist independently, but are bounded by membranes in modified 
plastids known as ainyloplasts which are found in a specialised tissue 
type known as statenchyma, the individual cells being referred to as 
statocytes. The hypothesis supposes that upon displacement of a root 
or shoot from its liminal angle, these amyloplasts move under the 
influence of gravity, and this movement is the trigger for the series 
of events leading to a differential growth response which returns the 
organ to its correct angle. The evidence that these amyloplasts act 
as statoliths is abundant and wide ranging, although largely 
circumstantial, consisting in the main of correlations between their 
presence in graviresponsjve organs, and data which show that 
treatments causing their removal also abolish the gravitropjc 
response. 
Several reviews (Audus, 1962 and 1979; Wilkins, 1966; Juniper, 1976; 
Volkmann and Sievers,1979) describe the evidence for and against the 
starch statolith hypothesis. The original studies of Haber].andt and 
Nemec provide the basic correlations between graviresponsjveness and 
the possession of amyloplast starch, and stand on their own as strong 
evidence in favour of the hypothesis. Hawker (1932), using a number 
of species drawn from diverse families, showed a striking correlation 
between gravitropic responsiveness, quantity of statenchyma and 
amyloplast mobility. She also demonstrated (Hawker, 1933) that in 
Lathyrus oderatus, presentation time and lag time are temperature 
dependent, and correlate remarkably well with the temperature 
dependence of amyloplast mobility. 
Numerous studies have involved subjecting plant organs to treatments 
which deplete the amyloplasts of starch and demonstrate an attendant 
loss of graviresporisiveness, and these are reviewed Dy Audus (1962). 
In the earliest of these experiments the plant tissues were variously 
subjected to starvation, cold and heat treatments. These depleted 
them of starch and also abolished their gravitropic responses, which 
only returned after reformation of the starch granules. Further 
correlative evidence is provided by the observation that certain 
plants belonging to the genera Iris and Allium do not synthesise 
starch other than in their statocytes. Barlow (1974) showed that 
surgical removal of maize and wheat root caps destroyed the 
graviresporisiveness of the roots, the root cap taking three to four 
days to reform completely. Responsiveness to gravity, however, 
returned after just 14 hours, coinciding with the formation of 
amyloplasts in the cells of the quiescent centre. His conclusion was 
that these cells had taken over the function of statocytes in lieu of 
the root cap. 
The evidence against the hypothesis is less abundant but difficult to 
dismiss. Syre (1938) reported that destarching of roots by treatment 
with SO  did not affect their responsiveness to gravity and Von 
Bismarck (1959) found that Sphagnum sp. that had been destarched by 
cold treatment retained their ability to respond to gravity and it 
4 
has been shown that destarching of wheat coleoptiles by treating them 
in gibberelin and kinetin at 30C does not abolish their gravitropic 
response (Pickard and Thimann, 1965). These authors checked that the 
treated tissue was fully depleted of starch by the periodic 
acid/Schjff's reaction and by electron microscopy, and as such their 
results pose a serious objection to the hypothesis. However, these 
experiments were repeated by Iversen (1969 and 19714) in a slightly 
modified form using cress and pea roots in addition to the coleoptile 
tissue and the opposite result was found, gravitropism being 
abolished by the treatment. Roots that have been detipped have been 
reported to retain their gravitropism (Younis, 19514), and a further 
serious objection to the hypothesis which has never been explained is 
the existence of gravitropic plant organs in which ainyloplasts are 
absent. Audus (1962) quotes two such examples, the aerial roots of 
the orchid Laelia anceps and the perianth of Clivia nobilis. 
The most recent objection to the starch statolith hypothesis is the 
isolation of a reportedly starch free mutant (Caspar et a]., 1985) 
which has a normal gravitropic response. Further study of this mutant 
has been carried out by Iversen (pers. comm.) which revealed traces 
of starch in the root cap, but the observation that the abnormal 
plastids do not sediment shows that gross movements are not required. 
Moore (1987) describes a cu].tivar of maize in which the plastids of 
the root cap fail to develop into true amyloplasts, but retain only 
the same amount of starch as the cells of the cap meristem. The 
response to gravity of this cultivar is reported as normal, and no 
significant sedimentation of the plastids occurs before the onset of 
curvature. 
The examples cited which oppose the starch statolith hypothesis may 
be explained if another organelle were to sediment under the 
influence of gravity in place of the amyloplasts. Audus (1962), using 
an estimate of cytoplasmic density and viscosity, calculated that if 
the statoliths are required to sediment from one half of the 
statocyte to the other in order to elicit a response, then only 
amyloplasts are dense enough to move the necessary distances in the 
required time. Mitochondria are only able to move short distances 
within the shorter presentation times that have been reported, but if 
these small movements are all that are required to elicit a response, 
then they too could fulfil the role of statoliths. In view of this, 
and the evidence against the starch statolith hypothesis, it may be 
better to regard it rather as the ttstatolith hypothesis", until 
unequivocal evidence is provided that starch is necessary for the 
statoliths to function. The bulk of the evidence does suggest that in 
those plants which do have amyloplasts in their statocytes, they 
fullfjl the role of statoliths, but the maize cultivar described by 
Moore (1987) raises the important point that sedimentation of the 
abnormal plastids through the width of the cell does not appear to be 
a prerequisite for a normal gravitropic response. 
1.1.3 Action of the statoliths. 
If the movement of statoliths is the first step in the perception of 
gravity, the precise effect they have in doing so has yet to be 
explained. Juniper (1976) lists eight ways in which the sedimentation 
of statoliths could lead to gravicurvature, and in his discussion 
considers that all but three can be discounted, and focuses attention 
on these: 
(i) Interaction of amyloplasts and ER with plasmodesmata to operate a 
valve system. 
It is proposed that upon displacement from the vertical, the 
amyloplasts move under the influence of gravity and reposition 
themselves along the anticlinal cell walls. The mass of the 
amyloplasts then acts by pushing the ER which lines the cell walls, 
downwards, closing the 'valves' formed by the plasmodesmata and the 
desmotubules that run continuous with the ER. The supposition of the 
hypothesis is that blockage of some of the plasmodesmata in the 
lateral statocyte walls would lead to greater diffusion of a cap-
produced inhibitor to the lower side of the root. However, the 
observations on the types of differential growth responsible for 
curvature are not all consistent with lower-side inhibition, and 
using Juniper's model, extended stimulation in the horizontal 
position would lead to blockage of all lateral plasmodesmata and 
consequently zero lateral diffusion of the inhibitor. There are other 
objections to this model. The mass of the amy].oplasts would need to 
be sufficient to close the valves and there is no way of knowing if 
this is the case, but presumably the ainyloplasts and the cell wall 
would have to come into close proximity for such a system to operate 
and examination of the ultrastructural evidence shows that this is 
not the case, (Griffiths and Audus, 196 14; Volkmann and Sievers, 1979; 
Olsen and Iversen, 1980b). 
Pressure of the amyloplasts sliding along the lateral plasma 
membrane. 
The principal evidence for this model comes from experiments showing 
that treatments of roots which prolong the movement of amyloplasts in 
the region of the lateral cell walls cause a more rapid gravitropic 
response (Larsen, 1969; Iversen and Larsen, 1971). Stimulation of the 
roots at 135 degrees to the vertical causes a greater response than 
stimulation at 45 degees, and the argument for this model is that the 
former treatment allows the ainyloplasts to remain in contact with the 
lateral plasma membrane for longer, and the result of this is more 
rapid curvature. Perbal (1974) however, showed that there was no 
quantitative relationship between the pressure exerted by amyloplasts 
on any sensitive surface in Lens roots and the resultant 
gravitropic response, and scrutiny of the results of electron 
microscope studies on root caps shows that there is no actual contact 
between the amyloplasts and the plasma membrane lining the lateral 
cell walls (Griffiths and Audus, 1964; Volkniann, and Sievers, 1979; 
Olsen and Iversen, 1980b). 
Interaction of statoLiths with the ER. 
Until recently it was believed that in cress, a stable complex of ER 
at the distal end of the statocytes was required for the perception 
of gravity (Sievers and Heyder-Caspers, 1983). Disruption of this 
complex by centrifugation in an apical direction causes a latent 
period before gravireaction which closely agrees with the time. taken 
for the ER complex to reform (Wendt and Sievers, 1986). The model is 
based on the premise that amyloplasts exert pressure on a stable 
complex of ER at the distal pole of the statocytes In the normal 
vertical orientation (Sievers and Volkmann, 1972; Volkmann, 19714 ; 
Volkznann and Sievers, 1979; Sievers and Hensel, 1982). The 
arrangement of the statocytes and the positioning of the ER within 
them means that upon displacement from the vertical, the amyloplast 
movement leads to differential contact of the amyloplasts with 
the ER in the upper and lower statocytes. This differential contact 
is proposed as the primary effect of the sedimenting amyloplasts 
which leads to the transduction of the signal to the cell elongation 
zone. The same arrangement of axnyloplasts and ER is also found in 
Lens culinaris, Genista tinctoria, Daucus carota and 
Allium cepa (Volkmann, 1974) but cannot explain the perception of 
gravity in roots where the statocytes do not show this polarity, as 
in Arabidopsis (Olsen, 1982; Mirza, 1983). Recent results, however, 
have shown that even in the absence of the ER complex at the distal 
end of the statocytes, cress roots are still able to respond to 
gravity (Wendt et al., 1987). Centrifugation of the roots in an 
apical direction combined with cytochalasin treatment which inhibits 
actin polymerisation, disrupts the normal cell polarity but the roots 
are able to respond to gravity before the ER complex returns to its 
normal position at the distal pole. 
These three models all require the gross movement of amyloplasts in 
the cell, but the maize cultivar with abnormal root cap plastids 
reported by Moore (1987) demonstrates that significant movement of 
the plastids is not required for the roots to respond to gravity, and 
as such, any model requiring actual sedimentation of the statoliths 
is unlikely to explain how they exert their influence. It is more 
likely that upon gravistimulation, the amyloplasts act by a change in 
the direction of the pressure they exert, and models for perception 
should be able to explain the earliest events after gravistimulation. 
These are rapid depolarization of the plasma membranes of the lower 
statocytes and hyperpolarlzatjon of the upper statocyte plasma 
membranes (Behrens et al., 1985). There is a resting potential of iko 
mV in cress statocytes (the inside of the cells being negative with 
respect to the outside) compared to a potential of 80 mV in the outer 
cells of the root cap (Behrens and Gradmarin, 1985). Upon displacement 
of the root from the vertical to an angle of 45 degrees, the then 
lower statocytes are found to depolarise after a lag of eight 
seconds. They then gradually repolarise, and the upper statocytes 
gradually hyperpolarise. These are the earliest events recorded after 
gravistimujation to date, and given the rapidity of the development 
of these potentials, they may well be the initial cause of the 
subsequent events which return the root to the vertical. 
1.1.4. Transduction - linking perception and response. 
If the weight of evidence that the root cap is the site of gravity 
perception is accepted, for bending to take place in the zone of cell 
elongation, a signal of some description must pass between the two 
which directs the tissue in the elongation zone to undergo a 
differential growth response leading to curvature. 
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1.1.5. The Cholodny-Went Hypothesis. 
The original hypothesis that attempted to explain tropisms in plant 
shoots and roots was formulated independently by Cholodny and Went in 
1928 and is consequently known as the Cholodny-Went hypothesis. Its 
central theme is that stimulation by gravity causes a lateral 
redistribution of auxin in shoots and roots, with accumulation in the 
lower side of the organs, and that the raised concentration of this 
substance stimulates growth in the shoot and inhibits it in the root. 
The consequences of these different rates of growth in the upper and 
lower sides then tends to return the root or shoot to the vertical. 
The Cholodny-Went hypothesis has enjoyed fluctuating popularity but 
its basic tenet that lateral auxin redistribution is the cause of the 
differential growth response has never been satisfactorily 
demonstrated. Digby and Firn (1976), Trewavas, (1981) and Firn and 
Myers (1987) provide detailed criticisms of the Cholodny-Went 
hypothesis, but it continues to have strong support; in her review, 
Pickard (1985) states that lateral redistribution of IAA is a "sine 
qua non" of gravitropism. 
The evidence in its favour is that exogenously applied IAA causes 
curvature towards the side of application and that radiolabeled IAA 
redistributes laterally in small amounts (Ching and Fang, 1958; 
Konings, 1967; Edwards, 1984). Audus and Brownbridge (1957) examined 
the growth and gravitropic curvature of roots treated with either 
inhibitory or stimulatory concentrations of IAA, and showed that 
during curvature, growth on the upper and lower sides of the roots 
were inhibited or stimulated to the same extent. They concluded that 
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the concentration of IAA cannot therefore be a sensitive controller 
of the differential growth that causes gravitropic curvature in 
roots, and that the curvature was consistent with the hypothesis that 
a different growth inhibitor redistributes as a result of 
gravistimulation. Assymetry of endogenous IAA has been shown not to 
occur in gravistimulated maize and broadbean roots, using the most 
sensitive assay yet available (Mertens and Weiler, 1983) and the 
polarity of movement of IAA in the root has been demonstrated to be 
acropetal rather than basipetal (Scott and Wilkins, 968). 
Despite this evidence it appears that auxin does have a role in 
gravitropism, although not in the sense of an absolute controller as 
suggested by the Cholodny-Went hypothesis. Konings (1968) showed that 
treatments that inhibit the lateral movement of radiolabeled auxin 
also inhibit gravitropism, and Katekar and Geissler (977) 
demonstrated that the phytotropins, a class of molecules which 
inhibit auxin transport, also inhibit the gravitropic response. 
There appears to be an unresolved conflict in the findings of these 
experiments, on the one hand showing that the lateral transport and 
increased concentration of IAA cannot be responsible for the growth 
responses in root gravitropiszn, and on the other hand appearing to 
show that the transport of auxin is a prerequisite for the response 
to occur. The phytotropins appear to operate via a receptor (Katekar, 
1976; Katekar and Geissler, 1980), and imrnunofluorescence techniques 
have shown the presumptive 11 receptor to be localised at the basal ends 
of pea stem cells (Jacobs and Gilbert, 1983), supporting the 
hypothesis for their involvement in auxin transport. There may well 
be other unknown effects of the phytotropins on plant growth, 
regarding the availability of auxin within the cell (for example, 
from compartmented reserves) and the simplest interpretation of these 
results which correlate the co-inhibition of auxin transport and 
gravitropism may not necessarily be the correct one. However, in the 
absence of evidence to the contrary these results are strong evidence 
in favour of . a role for auxin transport in gravitropism. 
1.1.6. Auxin and cell growth. 
The action of auxin in cell growth appears to operate at two levels. 
(1) Acid growth. 
The acid-growth theory of Cleland and Rayle (1978) states that auxin 
acts by activating a plasma membrane ATPase which pumps protons into 
the apoplast, acidifying the cell wall and activating polysaccharide 
degrading enzymes which loosen the cell wall. The cell then expands 
under the force of its own turgor pressure. Support for the acid 
growth theory includes the fact that auxin and protons induce 
extension of coleoptiles with similar kinetics and temperature 
dependence, and that they induce similar changes in cell wall 
extensibility. 
(ii) Modification of gene expression. 
The second level of auxin action is suggested by its ability to 
activate the transcription of mRNA • In soybean and pea, IAA or 29-D 
induce a range of translatable mRNA species within 15-20 minutes of 
application, due to the transcription of novel mRNA rather than the 
activation of existing message (Zurfluh and Guilfoyle, 1982a and b; 
Hagen et al., 1 984). The identity of the mRNAs and their translation 
products remains to be discovered, but these advances represent a 
most promising avenue of investigation into the control of cellular 
processes by auxin. 
1.1.7. Mediation of auxin action - receptors. 
Both of these models for auxin action are consistent with the 
requirement for receptors, at the plasma membrane for acid growth and 
in the cytoplasm or nucleus for the control of gene expression. The 
profound effects elicited by auxin at low concentrations also 
indicate that receptors may be required for the mediation of its 
action. If, as advanced by Trewavas (1981), it is sensitivity to 
plant growth substances that regulates their role in plant 
development, rather than their concentration, then receptors are 
likely to be a vital component of such a "sensitivity modulated" 
system. Changes in the sensitivity of a tissue to auxin may then be 
related directly to alterations in the properties of the receptors. 
High affinity binding sites for auxin and auxin analogues have been 
detected in a range of whole and cultured plant tissues, and the best 
characterised system comes from maize coleoptile membranes. Starting 
with Hertel et al. (1972) numerous studies have identified binding 
sites in coleoptile membrane extracts, localised the sites on 
particular membrane fractions and more recently, purified the 
receptor protein. 
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The collective findings of these studies are not without anomalies 
but appear to have several features in common. More than one type of 
binding site has been demonstrated (Batt et al., 1976; Dohrmann et 
al., 1978); firstly a site located on an Internal cell membrane, 
probably the ER; a second site, of lower affinity than the first but 
of greater specificity for auxin, located on more buoyant membranes 
which include the plasmaleinma; a third site (Dohrmann et al., 1978) 
which Is characterised by preferential affinity for 2 1 4-D. This third 
site has been further studied In cucumber hypocotyl membranes (Jacobs 
and Hertel, 1978) and is of particular interest as it may represent 
an auxin transport site. It has not always been possible to 
distinguish between these different sites and other studies have 
found only one class of binding sites (reviewed by Venis, 1985). 
Purification of a binding site from maize coleoptile membranes has 
revealed it to be a dlmerjc protein with two 21 LCd subunits (Lobler 
and Klambt, 1985a and b; Shimomura et al., 1986) and these appear to 
be highly glycosy].ated (Venis, 1987). 
The maize auxin binding system appears to satisfy most of the 
criteria for a receptor described by Venis (1987) and supports the 
sensitivity, modulation concept, as changes in sensitivity to auxin 
are accompanied by changes in the amount of auxin bound (Walton and 
Ray, 1981). There are also endogenous regulators of binding activity 
(Ray et a].., 1977) which have been identified as benzoxazoj.jnones 
(Venis and Watson, 1978) 9 and these may function as controllers of 
sensitivity to auxin in the intact plant. Auxin binding has been 
found in particulate fractions in a range of other plant tissues, 
including wheat, rye and oat coleoptiles, wheat roots, artichoke 
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tubers, pea buds and soy bean hypocotyls (reviewed by Venis, 1985). 
Binding activity of auxin to soluble rather than membrane bound sites 
has also been studied, notably in extracts of tobacco callus (Oostrom 
et al., 1980; Van der Linde et al., 1984). 
In addition to the study of auxin binding, maize coleoptiles nave 
also provided the bulk of the available data on binding of auxin 
transport inhibitors. The binding site for the transport inhibitor 
naphthylphthalamjc acid (NPA) has been immunolocalised in plant cells 
and is clearly involved in the transport of auxin, but the presumed 
endogenous ligand for the site remains to be identified. Lembi et al. 
(1971), Normand et al. (1975) and Ray et al. (1977) found binding of 
NPA to a membrane extract of maize coleoptiles, and characterisation 
of the binding revealed a dissociation constant of 3.4x10 8 M, 
indicating high affinity of the binding site for the ligand (Trillmich 
and Michalke, 1979). NPA does not compete for the IAA binding sites 
(Batt et al., 1976) unlike another auxin transport inhibitor, 2,3,5-
triiodobenzojc acid (TIBA), which moves with auxin in the transport 
system and is an auxin analogue. TIBA competes only very weakly for 
the NPA site (Thomson, 1972; Katekar, 1985) and the binding sites of 
these two inhibitors are probably distinct. Solubilisatjon of the NPA 
binding sites indicated that two types of site were present (Sussman 
and Gardner, 1980), and in the solubilised state IAA competed for the 
sites, indicating that the IAA and NPA sites are different, but part 
of a complex, the IAA site being unavailable when bound to the 
membrane. NPA and its analogues are inhibitors of gravitropism as 
well as of auxin transport, and support that the NPA binding site is 
a true receptor came from Katekar et al. (1981), who demonstrated 
that the inhibition of auxin transport and gravitropism by these 
molecules, the arylphthalamic acids, agree closely with their binding 
affinities. 
It has been observed (Hertel, 1972; Venis, 1985) that mutants which 
have altered sensitivities to growth substances are potentially 
powerful aids to furthering the understanding of receptors, and the 
function of these substances in plant growth, but efforts in this 
field so far have been unsuccessful. Very little binding of auxin was 
detected in the moss Physcomitrella patens (Lomax-Reichert et 
al., 1982), and the non-ripening tomato mutants, nor and rin, had 
ethylene binding similar to the wild type (Sisler, 1982). The former 
of these studies shows the difficulty of addressing the study of 
mutants in species where binding in the wild type has not been 
characteried, and the conclusion from the latter is that the lesion 
causing these phenotypes must be in the coupling of the ethylene 
stimulus to the ripening response or in the response itself. 
1.1.8. Acid growth in roots. 
Mulkey and Evans (1981) showed that the growth of corn roots is 
accompanied by the extrusion of protons, in support of the acid 
theory of auxin growth (Cleland and Rayle, 1978), and that this 
extrusion was prevented by treatment with auxin transport inhibitors. 
It was also demonstrated that when the roots are placed at 90 degrees 
to gravity, extrusion is converted to uptake of H' on the lower 
side, suggesting that curvature is caused by a cessation of acid 
growth on the lower side of the root (Mulkey and Evans, 1982). These 
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results may be interpreted to mean that growth is dependent on a 
supply of auxin, and this supply is disrupted on the lower side of a 
gravistimulated root. Alternatively it could be argued that the 
proton extrusion is a symptom of metabolically active cells, and that 
the cessation of this extrusion simply reflects the lowered activity 
of the slower growing cells on the lower side of the root. The 
involvement of auxin in the tropic curvature of roots remains to be 
clarified, but it appears to be a vital component of root cell 
growth, and transport of auxin within the root also appears to be 
necessary. The mode of action of auxin in gravitropisin is unknown, 
but the results show that it cannot act solely as a controller of 
cell growth by changes of concentration in a hormonal sense. 
1.1.9. Gravitropism and the Geoelectric Effect. 
Classical studies by Brauner in 1927 and 1928 (cited by Audus, 1962) 
on the electrical phenomena surrounding geotropically stimulated 
shoots and roots gave rise to the collective term for them of the 
geoeleotric effect. Brauner found that when a root or shoot was 
displaced from the vertical to the horizontal the lower side rapidly 
became electrically negative with respect to the upper side. With the 
development of the Cholodny-Went hypothesis and the discovery of IAA, 
this effect was proposed to be the cause of auxin redistribution, by 
electrophoresis of the weakly ,ionised molecules through the tissue 
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under the influence of the assymetry in electric charge. The early 
experiments of Brauner were later criticised on technical grounds, 
with claims that some of the results could have resulted from 
artefacts caused by the nature of the electrodes used. When carefully 
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repeated using coleoptjles (Grahm, 1962; Grahm and Hertz, 1964) the 
geoelectrjc effect was found to develop after a lag of 15 minutes, 
which is greater than the presentation times in the tissue used and 
as such cannot be the cause of the gravitropic curvature. Grahm 
(196I) showed that the development of the geoelectric effect in 
coleoptiles was dependent on a supply of auxin, and that the effect 
probably developed as a result of an auxin assymetry rather than 
being the cause of it. 
Attention has recently been refocused on electrical events in 
gravistimulated roots with the discovery that a pattern of electric 
current exists around vertically growing roots of'barley (Weisenseel 
et al., 1979) and cress (Behrens et al., 1982) and that the pattern 
of the flow of ions around cress roots changes within 30 seconds of 
gravistimulation. A similar situation exists in maize roots (Bjorkman 
and Leopold, 1987a and b). As previously described, the earliest 
events yet recorded after gravistimulation in cress roots are the 
altered polarisations of upper and lower statocytes (Behrens et al., 
1985), and these may well be the primary effectors of the gravitropic 
response following statolith movement. Behrens and co-workers 
postulate that the changes in the flow of current around the root tip 
upon gravistimulatjon reflect alterations in the flow of current 
inside the root, through a continuous system of ER joining the cells 
of the root cap and the cell elongation zone (Behrens et al., 1982). 
Transduction appears not to be due to an action potential passing 
through the cells to the zone of cell elongation (Behrens et al., 
1985). The next and potentially most exciting step will be to 
discover if and how the electrical events link statolith movement and 
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the growth response. 
1.1.10. The Cap Inhibitor Model. 
Observations, gained in the main from the use of microsurgical 
techniques on maize roots have indicated that the root cap is the 
source of an inhibitor of root growth which is transported 
assymetrjoalj.y to the elongation zone during gravistimulation, where 
it retards growth on the lower side, leading to curvature. 
Experiments using excised halves of root caps (Gibbons and i.lkins, 
1970; Filet, 1973) indicated that the root cap of gravistimulated 
roots is the source of a basipetally transported inhibitor which 
causes the root to bend towards the side of application regardless of 
the orientation of the receiver root. Insertion of impermeable 
barriers into one side of roots causes bending away from that side, 
and this may be interpreted as meaning that the flow of an inhibitor 
has been interrupted (Shaw and Wilkins, 1973). 
The pattern of root growth that leads to gravicurvature has been 
shown to be consistent with inhibition of growth on the lower side 
(Audus and Brownbridge, 1957; Filet and Ney, 1981) but not in all 
cases that have been studied (Firn and Digby, 1980). For the cap 
inhibitor model to be tenable, removal of the root cap should release 
the root from the effects of the inhibitor and cause a stimulation of 
growth, but the results are contradictory. Filet (1972) and Wilkins 
and Wain (1974) did find a transitory stimulation of growth, but why 
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it lasted only for four hours is not clear. Juniper et al., (19b6), 
and Filet (1971) found no such stimulation of growth upon removal of 
the root cap, and Juniper et al. attempted to explain this by 
postulating that the presumptive inhibitor is only released when the 
roots are horizontal. 
The nature of the proposed inhibitor has not yet been discovered, but 
a great deal of effort has gone into attempts to identify it. 
Abscisic acid (ABA) has received much attention as a candidate for 
the cap inhibitor; it is found in the root cap (Filet and Chanson, 
1981; Filet, 1982) and exogenously applied ABA can inhibit the 
elongation of roots. It is reported to accumulate in the lower halves 
of horizontal roots (Filet and Rivier, 191) and the light-mediated 
inhibition of root elongation of roots is accompanied by an increase 
in the quantity of ABA recoverable from the root cap (Wilkins and 
Wain, 1974). The development of graviresporlsjveness in light-
requiring cultivars of maize is also accompanied by an increase in 
ABA in the root caps (Wilkins and Wain, 1975a and b). Basipetal 
transport of ABA from the root tip is a requirement if it is to be 
considered as the cap inhibitor, and this has been shown after the 
tip application of tritiated ABA in maize roots (Jaunin et a].., 1985). 
The evidence against ABA, however, is equally strong; the initial 
effect of ABA has been to stimulate the growth of roots and is only 
inhibitory at high concentrations and requires long exposure to cause 
inhibition (Mulkey et al., 1 983). Mutants naturally lacking ABA are 
gravitropic (Weyers, 1985; Moore and Smith, 1985; Karssen et al., 1987) 
and depleting seedlings of ABA by treatment with fluridone does not 
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significantly reduce their gravitropic curvature (Moore and Smith, 
1984). Saturation of roots with ABA does not affect their 
gravitropism (Katekar unpubi. cited in Jackson and Barlow, 1981) and 
in one study ABA was reported to accumulate on the upper rather than 
the lower side of horizontal roots (Suzuki, et al., 1979). Given 
these objections, it appears that ABA is not the cap inhibitor. Some 
credence has been lent to the hypothesis that IAA is the cap 
inhibitor as it is found in greater quantities than ABA in the root 
cap (Jackson and Barlow, 1981) and applied IAA in relatively high 
concentrations inhibits root elongation (Mulkey et al., 1982; Audus 
and Brownbridge, 1957), but the objections raised to the Cholodny-
Went hypothesis on the basis of IAA failing to redistribute and the 
evidence agaist its role as the controller of root curvature still 
apply (Mertens and Weiler, 1 983; Audus and Brownbridge, 1957). 
1.1.11. A role for calcium. 
The results of several groups of investigators in recent years have 
increasingly highlighted the important role of calcium in 
gravitropism. Lee et al. (1983a) have shown that chelating the 
calcium in the root cap with EGTA destroys the ability of the root to 
respond to gravity and applying calcium in agar to root caps 
previously depleted with EGTA restores the ability of the roots to 
respond to gravity, demonstrating a requirement for calcium in the 
cap before gravitropism can take place. The preferentially downward 
transport of 5a2+  in the root tips (Lee et al., 1983b) and 
the elongation zone (Lee and Evans, 1985a) of horizontal maize roots 
has been demonstrated, and the creation of an artificial gradient of 
calcium in the root cap by applying calcium in an agar block induces 
curvature towards the side of application (Poovaiah et al., 1987). 
Care should be taken in the interpretation of these results as the 
movement of the applied label in the elongation zone occurs after the 
onset of curvature, and the movement of endogenous calcium has been 
shown to be in an upward direction in horizontal roots (Roux, 1984). 
Assymetric transport of radiolabeled IAA has been demonstrated in 
horizontal maize roots (Edwards, 1984) and is influenced oy the 
presence of calcium, with preferential diffusion of IAA to the side 
of the root on which a source of calcium has been placed (Lee and 
Evans, 1985b) The lateral movement of calcium in roots is reduced by 
application of auxin transport inhibitors (Lee et al., 198)4), and 
these results indicate that the lateral transport of auxin and 
calcium are interdependent. 
These results emphasise the importance of calcium in gravitropism, 
but how it exerts its influence is yet to be discovered. Calmodulin, 
a calcium binding protein, is known to regulate a variety of 
biochemical and cellular processes in plants (Hepler and Wayne, 
1985). It regulates the activity of ATPases and protein kinases, and 
its involvement has been implicated in processes such as streaming 
and cell division. More recently, regulation by calcium-calmoduljn 
(Ca-Call) has been suggested to play a role in gravitropism (Poovaiah 
et al., 1987). These authors suggest that the first consequence of 
perception is a rise in the concentration of cytoso].ic Ca 2 which 
acts via calmodulin to phosphorylate and activate polypeptides of as 
yet Unknown function, perhaps ion pumps which play a role in 
establishing a gradient of Ca 2 ions across the root cap. Root 
caps contain four times as much calmodulin as more basal sections 
(Stinemitz et al., 1987), and localization of the calmodulin by 
immunohistochemistry has shown that it is concentrated in the 
statocytes (Lin et al., 198b). P'nosphorylation of proteins in the 
root cap takes place on gravistimulation (Ragothania et al., 1987), 
and in cultivars of maize requiring light for gravitropism, 
illumination stimulates the synthesis of a range of polypeptides 
(Feldman and Gildow, 1984). Calmodulin inhibitors are known to affect 
shoot gravitropism without affecting growth (Biro et al., 1982) 
and they also affect the transport of calcium in roots (Stinemitz and 
Evans, 1986) suggesting that the formation of the calcium gradient 
accross the root cap that is required for gravitropism is a 
calmodulin dependent process. 
1.1.12. The gravitropic response - The nature of the differential 
growth. 
Rather than there being clear and consistent evidence that the same 
pattern of differential growth leads to gravitropic curvature in all 
roots, the observations are scarce and often contradictory. 
Inhibition of growth on the lower side of horizontal roots appears to 
be the cause of curvature in pea (Konings, 1964), and greater 
decelaration of growth on the lower side appear to be responsible in 
bean and mustard (Bennet-Clark et al,. 1959) and wheat (Rufelt, 
1957). Decelaration on the lower side also appears to be the cause in 
maize (Mulkey and Evans, 1981, i92) but there are conflicting 
reports. Nelson and Evans, (1986) reported differential decelaration, 
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whilst Barlow and Rathfelder (1985) reported that curvature in maize 
roots was caused by accelaration on the upper side, and decelaration 
or cessation of growth on the lower side. In cress, Iversen (1974) 
reported that elongation of the cells on the upper side of the root 
cap was responsible for gravitropic curvature. 
The actual nature of the differential growth that leads to 
gravitropic curvature is most likely the key to understanding the 
underlying causes of gravitropism, and may well be an essential 
prerequisite to the testing of models. "Gravitropic like" curvatures 
may be induced with a variety of treatments such as placing the root 
in an electric field (Fondren and Moore, 1987), asymmetric 
application of the root cap or halved root caps (Gibbons and Wilkins, 
1970), application of calcium or calcium chelators (Poovaiah et al., 
1987) or asymmetric application of growth inhibitors (Eason et al., 
1987). However, it can never be stated with certainty that the 
curvatures that are so induced are genuinely gravitropic-like unless 
the nature of the growth response is analysed. 
1.2. Mutants in the study of plant physiology. 
Aside from the descriptive ultrastructural studies on root caps, 
investigations into gravitropism have concentrated on four areas: 
(i) Manipulation of the sensory apparatus, either surgically or by 
the addition of chemical substances that affect perception. 
Treatment with substances that are inhibitory to gravitropism. 
Study of the movement of growth regulators in gravistiniulated 
plant organs. 
The effect of externally applied growth regulators on growth and 
gravitropjc curvature. 
Almost without exception, these approaches probe the phenomenon of 
gravitropism by invasive methods which alter the natural function of 
the organism. The results of experiments using these methods are 
always open to criticism on the grounds that the changes induced in a 
physiological process may be be caused by unknown secondary effects 
of the treatment rather than by a direct effect. Because of this, the 
results may provide correlations, but a direct causal relationship 
cannot be assumed. An example of the confusion that can arise is 
provided by the disruption of the ER complex in the statocytes of 
cress roots by apically directed centrifugation (Sievers and Heyder-
Caspers, 1 983). The conclusion drawn from this experiment was that 
the ER complex at the distal cell poles of the statocytes is required 
for the perception of gravity, but it has since been shown that the 
positioning of the ER is dependent on the integrity of the 
cytoskeleton, and it is the cytoskeleton and not the ER complex that 
is directly affected by the treatment (Wendt et al., 1987). 
The use of mutants in the study of plant physiology in general, and 
tropic phenomena in particular has been a neglected approach, which 
is surprising given the advances that have been made with animals and 
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microorganisms. A mutation affecting the control of a single cellular 
function by altering the characteristics of one polypeptide provides 
a non-invasive alteration in the natural physiological function of 
the organism with greater precision than is possible using 
conventional approaches. A range of such mutations affecting a 
physiological process should allow a comparative study of the mutant 
phenotypes to discover their underlying causes, and in theory their 
analysis should ultimately lead to an understanding of the genetic 
control of that process. 
The value of mutants in the study of the role of plant growth 
substances in development has been appreciated in several instances, 
and mutants that are altered in the physiology of gibberellic acid 
(GA), ABA, cytokinin and ethylene have been isolated. The role of 
gibberellins in stem elongation is the best understood system 
(MacMillan, 1987) where the investigation of the types of 
gibberellins found in a range of dwarf mutants has led to the finding 
that the only native GA required in maize and pea stems is probably 
GA 1 , the other GAs appearing to be intermediates in the biosynthetic 
pathway. The nature of the action of gibberellin has not been 
revealed, and no receptor characteristics have been offered to 
support these findings. The study of gibberellin and abscisic acid 
mutants has led to significant advances in the understanding of the 
roles of GA and ABA in seed dormancy and germination (Karssen et al., 
1987). It appears that GA is an absolute requirement for seed 
germination in Arabidopsis, and that the influence of light and low 
temperature on germination are mediated in some way by GA in the 
seed. The results also show that endogenous ABA is required for the 
induction of dormancy, and that the ABA must be present in the embryo 
or the endosperm during development; the presence or absence of 
maternal ABA appears to be irrelevant. 
Quarrie (1987) reviews the studies carried out to date with mutants 
altered in their ABA physiology. They have helped in the propo sal of 
a biosynthetic pathway for abscisic acid, and although the precise 
function of ABA remains to be discovered, the range of ABA mutants 
that have similar characteristics provide strong correlative evidence 
for a role in stomatal function, seed dormancy and germination. The 
involvement of ABA in processes such as fruit development, senescence 
and gravitropism is not supported by these studies which show that 
these processes are unaltered in ABA deficient mutants, but it is 
possible that they require ABA below detectable levels. ABA mutants 
have also indicated an involvement in membrane function in relation 
to cold hardiness, but the absence of mutants with intermediate 
levels of ABA has hindered progress in this area. Roberts et al. 
(1987) examine the value of mutants in the study of the role of 
ethylene in development, and conclude that they represent potentially 
powerful tools, but few such mutants are available, probably due to 
screening difficulties or their lethal effects. Cytokinin mutants are 
also rare (Horgan, 1987) and the data that has been gained on the 
biosynthesis of cytokinins has been obtained from genetic variants in 
tissue culture. The increasing interest in the use of higher plant 
mutants is shown by the rising number of studies which use mutants to 
probe problems in plant growth and development, and these are 
reviewed in the recent publication: "Developmental mutants in higher 
plants" (Eds. Thomas and Grierson, 1987). 
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1.2.1. Mutants and gravitropism. 
Attention is being increasingly drawn to the study of mutants which 
are agravitropic or which have diminished responses to gravity. 
Roberts (197) reviews the studies which have been carried out to 
date. A mutant of the garden pea, Pisum sativum ageotropum 
(agt) has been extensively characterised (Scholdeen and Burstrom, 
19b0; Ekelund and Hemberg, 1966; Olsen, 982; Olsen and Iversen, 
1980a and b; Eason et a].., 1987). The roots of this mutant are not 
truly agravitropic, but tend to be slightly negatively gravitropic, 
and the mutation appears to affect the perception phase of 
gravitropism. A decapped WT root to which an agt root cap has been 
added fails to respond to gravity, and replacing the mutant root cap 
with the cap from a gravistimulated wild type root restores the 
ability of the agt root to respond to gravity, also showing that 
the capacity of the mutant roots to undergo differential growth is 
not altered by the mutation. The movement of the amyloplasts in the 
root cap statocytes is normal but the distribution of ER in mutant 
and the wild type appears to be different, offering support for the 
hypothesis that the ER has a role in the perception of gravity. The 
agt roots also appear to be unaffected by the inhibitory effects of 
basally applied IAA and ABA (Eason et al., 1987). 
A mutant of maize, also termed agt, has roots which show a slight 
positive gravitropic curvature. The mutant roots grow more quickly 
than wild type and if halved mutant root caps are placed 
asymmetrically on the tips of decapped wild type roots, they induce 
less curvature than if halved wild type root caps are used. Pilet 
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(1983) has used this in support of the cap inhibitor model, and 
postulates that the mutant roots produce less of the cap inhibitor 
than the wild type, to account for the result. 
A mutant of tomato has been described which has agravitropic roots 
and diagravitropic shoots, and is referred to as diageotropica 
(). The diagravitropic phenotype of the shoots can be corrected 
to normal by the application of low levels of ethylene (Zobel, 1973). 
The dgt plants produce less ethylene in response to auxin than the 
wild type but the phenotype is not caused by ethylene deficiency 
because the mutant produces basal levels of the gas similar to the 
wild type, and inhibitors of ethylene do not produce the dgt 
phenotype in the wild type. The mutant roots do not respond to the 
"corrective" effects of ethylene, and the root anatomy is reported as 
being normal, as is the rate of root elongation (Roberts, 1987). A 
recently described feature of the dgt phenotype is the 
insensitivity to applied auxin (Kelly and Bradford, 1986). Excised 
hypocotyl segments show no promotion of extension growth at 
concentrations eliciting significant increases in the length of wild 
type segments, but the ability of the dgt segments to undergo 
elongation was demonstrated by treatment with fusicoccin. The 
dTQJc 	jpj a.Thil se.Asitivlty etM/ee4 i&'iI( ryc cuut 1w*a.jjt 
appears not to be a transport phenomenon, as auxin induced elongation 
in the wild type was unaffected by the auxin transport inhibitors 
TIBA and NPA. 
Two other tomato mutants with modified responses to gravity have been 
reported. The mutant lazy-1 has shoots which are agravitropic and 
the result is an adult plant that never grows truly upright, despite 
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the fact that the shoots are positively phototropic. The etiolated 
hypocotyls of this mutant lack sedimentable amyloplasts and 
correspondingly show no gravitropic response when placed horizontal, 
but the hypocotyl hook region of the dark grown shoots does contain 
sedimentable amyloplasts and bends in response to stimulation by 
gravity (Roberts, i984). These results further support the starch 
statolith hypothesis. The mutant lazy-2 has shoots which are 
positively gravitropic and it appears that light influences the 
gravitropic response, as etiolated hypocotyls of the mutant are 
negatively gravitropic and respond in a way almost identical to the 
wila type. The roots of lazy-1 are agravitropic but no data 	QN- 
available on the roots of lazy-2. 
A barley mutant, agr, has been recently described which has 
agravitropic roots, but the initial suspicion that the cause of the 
phenotype is abnormal statolith starch (Wendt et al., 1984) was not 
borne out by a detailed morphometric study of the root's anatomy 
(Moore, 1985). The agr roots are resistant to the inhibitory 
effects of applied IAA, requiring a concentration 12 times that of WT 
for the same degree of inhibition of root growth (Tagliani et al., 
1966) but wild type and agr roots are equally sensitive to the 
effects of applied NAA and 2,4-D. The growth rate of the mutant 
roots is greater than the wild type and endogenous IAA levels are 
unchanged, and the phenotype led these authors to suggest that the 
effect of the mutation is to alter the auxin regulated control of 
growth. 
Two agravitropic mutants of Arabidopsis thaliana have been 
described to date. The mutant aux-1 was originally selected using a 
screening test for resistance to 2 9 -D (Maher, 1977). The phenotype 
is caused by a recessive mutation and it was shown that the roots of 
the homozygote have a 1 14-fold increase in resistance over the wild 
type. A striking plelotropic effect of the aux-1 mutation is the 
agravitropjc nature of the roots, which show none of the vigorous 
downward curvature of the wild type. The roots grow at a faster rate 
than the wild type, and if confined to a horizontal surface show a 
clockwise curvature in the light (Maher and Martindale, 1980; Mirza, 
1987). 
Other pleiotropic effects of this mutation are precocious germination 
and larger seed (Martindale and Maher, 1981). The hypocotyls of the 
aux-1 mutant are negatively gravitropic, and react faster than 
those of the wild type, although they grow more slowly. The other 
agravitropic Arabidopsis mutant is Dwf, caused by a dominant. 
mutation which is lethal when homozygous. The Dwf/dwf 
heterozygote has a dwarf phenotype, absence of root hairs and lateral 
roots, and is extremely resistant to the herbicidal effects of 2,4-D, 
tolerating a concentration 2000 times that of the wild type (Mirza, 
1983). Unlike aux-1 9 both the roots and the hypocotyls of Dwf are 
agravitropic. A third mutant, aux-2 9 caused by a recessive mutation 
which is allelic with aux-1, has a normal response to gravity but 
has roots which are approximately twice as resistant to 2,4-D as 
those of wild type. 
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The existence of mutations which profoundly affect both gravitropism 
and auxin physiology have been found in tomato, barley and 
Arabidopsis, and this raises important questions regarding the role 
of auxin in gravitropism, and although the existance of such mutants 
tells us nothing in detail about this role, it strongly suggests that 
auxin must somehow be involved. The Arabidopsis mutants appear to 
show that with increasing resistance to 2,-D there is a 
correspondingly increase in the severity of the effect of the 
mutation on gravitropism, and it has been suggested that there is a 
threshold of resistance to auxin, below which gravitropism is 
unaffected. Table 1.1.1 below shows the putative relationship between 
gravitropism and 2,4-D resistance in Arabidopsis. 
Table 1.2.1., resistances of aux-1 1 aux-2 and Dwf to 2 1,-D. 
WT 	aux-2 	aux-1 	Dwf 
Resistance 	 xl 	x2 	x14 	x2000 
agravitropic 	none 	none 	roots 	roots and 
parts 	 shoots 
Estelle and Somerville (1987) have recently characterised another 
class of 2,I-D resistant mutants in Arabidopsis, which have a fifty-
fold increase in resistance over the wild type. The increase in 
their resistance to IAA is smaller, at eight-fold, and the morphology 
of the plants is radically altered by the mutations, showing an 
apparent reduction in apical dominance, leaf curling and altered 
flower morphology. Changes in the root or shoot gravitropism of these 
mutants have not been reported. 
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The suitability of Arabidopsis for genetical research is well 
documented. Redel (1975) lists the merits of this plant for genetical 
studies, its principal benefits being small size, a short life cycle 
and near-total autogamy, which facilitates the production of 
homozygous inbreeding mutant lines. A. thaliana has been widely 
used in various aspects of biological research in the last forty 
years, and a large number of morphological, nutritional and 
physiological mutants have been described. "Arabidopsis Information 
Service" is a yearly journal through which a catalogue of the 
available genetic markers can be obtained (Kirchkieim and Kranz, 
1985). Attention has recently been focused on Arabidopsis as a tool 
for plant molecular genetics due to its extremely small and apparently 
simply organised genome (Meyerowitz and Pruitt, 1985). Its haploid 
genome size of 70 000 kilobase pairs compares favourably with the 
plants commonly used for the study of gene expression in higher 
plants, and furthermore, its organisation appears to be comparatively 
simple, with much less of the genome being occupied by the repeated 
sequences which are a hindrance to genome characterisation and sequencing. 
It would present an unbalanced view of the benefits of using mutants 
if the disadvantages are not also mentioned. The principal problem in 
using mutants to study plant physiology is the multitude of effects 
that a single mutation can give rise to, and the consequent depth of 
screening that is required to characterise the mutants fully. The 
phenotype of a mutant can be investgated at a number of levels, and 
the mutant aux-i can be used to illustrate this point. The 
"obvious" aspects of the phenotype are those of increased 2,4-D 
resistance, lack of a gravitropic response, precocious germination 
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and larger seed, but once the nature of these changes 	discovered, 
the underlying cellular and molecular changes remain to be 
understood. For exampl, the causes of increased 2,4-D resistance 
might be altered receptor characteristics, or synthesis, transport, 
subcellular compartmentation or metabolism of endogenous auxin, but 
it is equally possible that the underlying cause is a change in some 
process hitherto regarded as unrelated to auxin physiology. 
Gravitropism has been divided into three component phases, and within 
each there are liAcely to be several sub-stages which are 
interconnected, and screening gravitropic mutants has three attendant 
problems: 
The number of steps to screen. There are many processes which 
have been associated with gravitropism, for example, movement of 
structures in the root cap, asymmetric auxin and calcium 
distributions, activation of calcium-calmodulin (Ca-CaM) dependent 
proteins, polar movement of inhibitors and changes in the pattern of 
electric current around the root. Changes in one or more of these 
processes might affect the ability of the root to respond to gravity, 
and in a comprehensive study all of these processes would be compared 
in the WT and the mutants. 
Unknown steps. Some of the the processes that have been 
associated with gravitropism are listed above, but there are 
presumably many more, perhaps key events, that are as yet unicnown. 
The pleiotropic effects of a mutation which affects gravitropism may 
provide clues to the nature of the unknown steps, by indicating a 
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connection between apparently unrelated aspects of plant growth. 
(iii) Lethal mutants may not be represented. The considerable 
development the embryo undergoes in the seed is a significant barrier 
to the isolation of mutations which severely alter the physiology of 
the plant, as the embryos may consequently fail to develop, or die at 
a very young age. The phenotype of such lethal mutants will be 
observed only providing that the lethality is recessive and 
heterozygotes survive, but mutations in which the lethality is 
dominant will never be picked up. Dwf is an example of a dominant 
mutation in which the lethality is recessive, so the dwarf phenotype 
is seen in the heterozygote. 
Despite these difficulties the use of mutants in the study of 
physiological problems in general, and gravitropism in particular, 
represents perhaps the most powerful unexploited tool. 
1.2.2. Background to the chosen problem. 
This thesis is the continuation of the study of a series of 
Arabidopsis mutants which are altered in their responses to auxins 
and gravity and has been the subject of several papers and two 
doctoral theses so far (Maher, 1977; Maher and Martindale, 1978, 
1980; Martindale, 1982; Martindale and Maher, 1980, 1981; Mirza, 
1983, 1987; Mirza and Maher, 1980, 1981; Mirza et al., 1984; Olsen et 
al., 1984). The project w, - .s initiated at the University of Aberdeen, 
and its overall aim is the isolation, characterisation and analysis 
of a range of mutants which are affected at as many points in the 
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control of gravitropism as possible. By this method, it is believed 
that the understanding of now these mutants are altered will allow a 
fuller understanding of the processes which control gravitropic 
bending in the normal plant. 
1.2.3. Aim of the study. 
This project initiated the study of a hitherto uninvestigated class 
of eight mutant lines, the only data on which was their apparent 
absence of root gravitropism, which was used as the basis of their 
selection procedure. The gene title igr was assigned to these 
mutants once a greater understanding of them had been reached, and 
for the sake of convenience they are referred to collectively as 
agr from the outset. The aim of this study was to characterise 




Root growth in relation to 2,4-D 
. Analysis of growth and curvature 
5. Auxin binding 
1. Genetical analysis. 
The agravitropic mutants, aux-i and Dwf, were selected on the 
basis of their increased resistance to 2,4-D, and their absence of 
gravitropism was later observed as a pleiotropic effect. The mutants 
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that are the subject of this study were direätly selected for the 
absence of root gravitropism, a procedure which would be expected to 
select a greater number and diversity of mutants as they are not also 
required to be resistant to 2,4-D. The genetical analysis of these 
"new" mutants had three objectives: 
(1) To investigate whether the agr mutations are all alleles at one 
locus. 
To determine whether the new agr mutants are affected at a 
different locus or loci from aux-1 and aux-2. 
To establish dominance relationships between the agr mutants 
and WT and aux-1, and secondly to establish dominance relationships 
between alleles of the agr locus. 
2. Ultrastructural studies. 
As previously discussed, the available evidence strongly suggests a 
role for the root cap statocytes in the perception of gravity, 
although recent evidence suggests that gross movement of amyloplasts 
within the statacytes may not need to occur for gravity to be 
perceived (Caspar et al., 1985; Moore, 1987). The internal polarity 
of the statocytes and the relationship between the organelles they 
contain have often been suggested as crucial for the ability of the 
roots to perceive gravity, hence the examination of the root cap 
ultrastructure in mutants that have altered gravitropism is an 
important approach to elucidating the causes of the altered 
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phenotype. Although perception is only one of three steps in the 
whole process, and alteration in the perception could be manifested 
in ways that are not visible as ultrastructural changes, this 
approach is seen as a critical eliminatory step. Loss or alteration 
of the gravitropic response has been accompanied by structural 
changes in mutants of Arabidopsis (Olsen et al., 1984), pea (Olsen 
and Iversen, 1980b) and maize (Hertel et al., 1969). 
Root growth in relation to 2,-D. 
Both of the previously described agravitropic mutants of 
Arabidopsis have had increased resistance to 2, 14-D accompanying the 
loss of gravireaction and it has been suggested that the degree of 
,4-D resistance might be directly related to the severity of the 
effect of the mutation on gravitropism. The new agr mutants with 
intermediate responses to gravity provided an ideal opportunity to 
determine whether reduction rather than abolition of gravitropism is 
also accompanied by 2,-D resistance, and to see whether a further 
correlation could be made between the degree of resistance and the 
amount of alteration in the graviresponse. 
Analysis of Growth and Curvature. 
The discovery of mutants with intermediate responses to gravity 
prompted the investigation into the nature of the differences from 
WT. Reduction or abolition of the gravitropic response after a fixed 
period of stimulation as seen in the agr mutants could be the 	- 
result of several types of phenotypic change: 
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(1) Late onset of curvature. 
Greatly reduced rate of growth so that the curvature of the 
roots is correspondingly reduced. 
Unaltered rate of growth but reduced rate of curvature. 
Early cessation of curvature. 
The altered gravitropic response could also be caused by a 
combination of these factors. The detailed examination of the 
curvature and growth of the roots during stimulation and curvature 
should reveal which of the reasons (1) to (iv) above is responsible 
for the mutant phenotypes, and this was the aim of this section of 
the study. 
The increasing use of Arabidopsis in research into gravitropism 
makes it desirable that the fundamental parameter of the presentation 
time is known, and an attempt was also made to address this problem. 
The presentation time is a parameter which conceivably could be 
altered in a mutant, and as such a comparison of presentation times 
in WT and the "intermediate" mutants would be a potentially valuable 
avenue of investigation, but access to a suitable clinostat was 
restricted to the duration of a visit to the University of Trondheim 





5. Auxin Binding Studies. 
As explained in the earlier sections of this introduction there is a 
continuing controversy regarding the involvement of auxin in 
gravitropism, and opinions appear to be divided firmly into two 
camps. The evidence is certainly contradictory. The findings of 
section 3.3 of this study confirms the existence of another 
Arabidopsis mutant in which altered gravitropism and altered 
sensitivity to 2,-D are found as pleiotropic effects. This mutant is 
affected at a different locus from aux-t, and has increased 
sensitivity to the effects of 2, 14-D, and as such does not support 
the suggestion that the degree of resistance and the effect on 
gravitropism are in direct proportion. It does however provide 
another instance of altered auxin se.asitivity accompanying changes in 
graviresponse, and as such adds weight to the argument that auxin and 
gravitropism are closely connected. The models for the action of 
auxin in cell growth are consistent with a requirement for receptors 
to mediate their effects; a plasma membrane receptor in the case of 
acid growth, and a cytoplasmic or nuclear receptor at the level of 
transcriptional control. 
The alteration of sensitivity to auxin in these Arabidopsis mutants 
strongly suggests a change in receptor characteristics, and the 
alterations in gravitropism may indicate changes in the ability of 
the root to transport IAA. Several high affinity binding sites for 
auxins and anti-auxins have been characterised (section 1.1.7 of this 
introduction) and the receptor for the auxin transport inhibitor 
naphthylphthalamic acid has been particularly well studied. As noted 
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by Hertel et al. (1972) and Venis (1985,1987), mutants represent 
potentially powerful tools in the study of plant hormone reception, 




MATERIALS AND METHODS 
2.1 Materials and methods. 
2.1.1. Experimental material. 
All seed stocks are derived from the Landsberg ecotype of 
Arabidopsis thaliana (L.) Heyr,h, homozygous for the mutation 
erecta (er). The phenotype of erecta is a more compact 
inflorescence than wild type, a feature which facilitates greenhouse 
and growth cabinet management of mature plants grown on a large 
scale. erecta .is the standard laboratory strain of Arabidopsis 
used in many studies, and in this case the er homozygote is 
referred to as wild type. Agravitropic mutants were induced by Dr E P 
Maher at the University of Aberdeen during the period 1976-1982. For 
details of the mutagenic treatment see Maher and Martindale (1980). 
2.1.2. Genetic terminology and mutant nomenclature. 
In this study the conventional nomenclature of mutations is adopted, 
beginning the gene titles of dominant mutations with upper case 
letters, for example Dwf, and those of recessive mutations with 
lower case letters, for example aux-1. These titles are also used 
for the description of phenotypes, for example seedlings with 
agravitropic roots and a 14-fold increase in resistance to 2 1 14-D over 
WT are said to have the aux-1 phenotype. When it is the genotype 
rather than the phenotype that is referred to both alleles are 
described using the conventional notation, for example the genotype 
homozygous for the aux-1 mutation is denoted: aux-1/aux-1. The 
heterozygote is denoted aux-1/aux-1 4, the '+' referring 
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to the normal WT allele. The only dominant mutant referred to in this 
study is Dwf, which is lethal in the homozygous form Dwf/Dwf. 
The heterozygous form is denoted Dwf/dwf, dwf referring to the 
WT allele. Wild Type is referred to throughout as WT and in cases 
where reference is made to heterozygotes with the WT phenotype the 
distinction Is made clear. 
Mutants are frequently described by their seed stock reference 
number, for Instance in cases where it is necessary to distinguish 
between different generations of the same genotype. The numbering 
system Is a successive one, each seed sample that is collected being 
given the number after the previous one, preceded by the last two 
digits of the year of collection. In many cases this is followed by a 
'/'and a further number denoting which of a number of sub-samples 
that particular one is. For example 821037/1-4 is the 1037th batch of 
seed logged, collected in 1982 and of which there are four sub-
samples. The nature of these four sub-samples is detailed in a seed 
stock book and also on the file reference cards accompanying each 
one. 
2.2. Seed Size Fractionation. 
It has been shown that seed size affects the rate of seedling growth 
(Mirza and Maher, 1980). To avoid confusion arising from size 
variation in seed stocks, seeds were separated into the following 
size classes using Endecott test sieves. (Sizes in urn) 
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>355 
300 - 355 
280 - 300 
250 - 280 
200 - 250 
180 - 200 
<180 
In most samples the 250-280um class is the major fraction of seeds 
and as such seed from this class was used in all experiments except 
where otherwise stated. 
2.3 Seed Sowing 
Seeds were sown individually onto the surface of the growth medium 
using suction through a hypodermic needle. Suction was provided by a 
tap-water venturi pump and the vacuum was controlled by covering and 
uncovering a hole in the syringe supporting the needle. The point of 
the needle was ground flat to improve contact with the seeds, which 
were picked up one at a time and placed on the surface of the medium. 
2.4. Plant growth conditions. 
Culture conditions varied according to the requirements of the 
experiments and the state of maturity required of the plants, and are 
divided into four categories: greenhouse culture, perlite/mineral 
medium culture, agar culture and liquid shake culture. 
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2.4.1. Greenhouse culture 
Seeds were sown in square 5cm pots at a density dependent upon the 
availability of each particular sample, normally 2 or 5 seeds per 
pot, on a 1:1 v/v mixture of Fisons Levington potting compost and 
perlite. Trays of 24 such pots were then placed in the greenhouse in 
a minimum temperature of 16C and a 16 hour day light regime, daylight 
being supplemented where necessary with mercury vapour lamps. 
Watering was carried out as required to keep the medium moist and 
after two weeks or when the seedlings were sufficiently large the 
number of seedlings in each pot was reduced to one. Flowering 
generally took place after 3-4  weeks and and harvesting of seed could 
be carried out after 5-7. When flowering was considered complete and 
the plants had reached a height of approximately 20cm, watering was 
discontinued and the plants were allowed to dry out. When this had 
taken place the desiccated, straw coloured plants were cut at the 
base of their stems and the dried mass of material shaken through a 
glass filter funnel lined with 500 um nylon gauze. The filtrate, 
consisting mainly of seed but also containing other plant parts was 
then passed through the series of Endecott test sieves as described 
in section 2.2. 
2.14.2. Perlite/Mineral growth medium culture. 
Culture plates were prepared in the following way: 25 ml of fine 
perlite (Cecaper]. 140, British Ceca Co., Rochester, Kent) was placed 
in each of a number of 90 mm glass petri dishes and shaken flat. 
These petri dishes were then autoclaved (115c for 40 mm) to ensure 
46 
sterility then 22 inl of mineral medium (Described by Oostindier-
Braaksma and Feenstra, 1973) was added dropwise to each petri dish. 
Seeds were sown as previously described at a density of 37 seeds per 
petri dish and these were then either placed in the dark for four 
days at 4C, to encourage synchronous germination, or placed directly 
in the growth cabinet (Laboratory and Electrical Engineering Co., 
Coiwick, Nottingham). The petri dishes were laid horizontally in 
continuous illumination with a light intensity of 210 umol quanta 
s provided by warm white fluorescent tubes at a 
temperature of 24 + 1C. When the seedlings were sufficiently large 
and robust they were transferred with a small ball of perlite 
surrounding the root to 5 cm pots containing a 1:1 mixture of compost 
and perlite (Silvaperl) in the greenhouse, and their culture 
therafter was as described in section 2.4.1. 
2..3. Agar culture. 
Culture plates were prepared Using 25 ml per petri dish of 0.75% agar 
(Difco, Bacto) containing 10 mg/i Potassium Nitrate to aid 
germination. Seeds were sown directly onto the surface of freshly 
prepared agar as described in section 2.3 at various densities and in 
various combinations of genotypes depending on the nature of the 
experiment. The culture conditions and subsequent treatment of the 
seedlings likewise varied. In all cases except where otherwise 
mentioned the plates were given a Standard Cold Treatment (SCT) of 4 
days in total darkness at 4C before being placed in the growth 
cabinet in continuous light. The petri dishes were positioned 
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vertically in perspex racks (plate 2.4.1). In some experiments the 
petri dishes were transferred to the dark during their incubation by 
sealing them inside aluminium foil; alternatively the growth cabinet 
lights were switched off and the doors sealed with foil to prevent 
the entry of light. When the experiment required the petri dish to be 
photographed in situ the special apparatus shown in plate 2.4.2 was 
used, consisting of a plate held vertically inside a protractor with 
a camera on a sliding rack. Photographs were taken with a Minolta X-
500 35 mm camera using reflected light from a Minolta 360 PX 
electronic flash covered with three layers of green cinemoid filter. 
The standard 50 mm lens was used with extension tubes and photographs 
were taken on Ilford Pan F film developed for high contrast in Ilford 
IDII developer. The Minolta multi-function back was used to take time 
lapse series of photographs and construct time courses of growth 
and curvature with full control over the choice of interval. 
2.4L44. Liquid shake culture. 
2.4L4.1. Seed sterilisation. 
Unfractioned 0.5 g portions of seed were sterilised in a 70:30 
mixture of 20 Volumes hydrogen peroxide and ethanol in 250 ml 
erlenmeyer flasks for ten minutes swirling frequently, and washing 
seed which had adhered to the sides of the flask back into the 
mixture with the same sterilising solution. The seeds were collected 
on Buchner filtration apparatus, washed with sterile distilled water 
and transferred with a spatula to the culture vessels. These 
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Plate 2.4.1. Perspex rack with four 90 mm agar culture 
petri dishes photographed in situ in t re growth cabinet. 
A 
: 
Plate 	Time lapse photorapuy apparatus for 
analysing the time course of root growth and gravitropic 
curvature. 
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and containing 50 ml of the following mineral medium: 
2.5 mM NH4NO 3 
0.41 mm MgSO 4 .7j- 2o 
0.4 mM CaH 4 (p04 )11 20 
0.74 mM KH 2PO4 
0.57 mM K 2Hp04 
0.46 mM H3Bo3 
0.1 mM MnC1 2 . 14H20 
7.6 uM ZnSO4 .7H20 
3.1 uM CUSO 4 .5H20 
1.04 uM Moo  
0.45 mM Fe 2-EDTA 
pH 6.4 with KOH 
2.4.4.2. Shake culture conditions. 
The culture flasks were given a cold treatment of two days at 4C in 
the dark before being placed in continuous illumination in the growth 
cabinet for 24 hours. (A period of light is required to ensure 
germination and this 24 hr was designed to satisfy this requirement). 
The vessels were then placed in the reduced light of the tissue 
culture suite (10 umol quanta m 2 s9or in total darkness by 
wrapping them in aluminium foil, fixed to a rotating surface (rotation 
in a horizontal plane; 98 rpm, 8 mm amplitude) to aerate the seedlings 
for a further 48 hr. 
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2.14.4.3. Seedling harvesting. 
At the end of the culture period the seedlings were filtered on cotton 
gauze, washed with distilled water and the combined seedlings from one 
or more cultures were partially dried by collecting them together on 
the gauze and gently shaking the excess water from them. This was 
found to be less damaging and more effective than blotting them dry. 
The resultant mass of seedlings was then weighed and used fresh or 
frozen in liquid nitrogen and stored at -70C until required. 
2.5. Genetical analysis. 
2.5.1. Method of crossing. 
3-4 week old flowering plants, each with one inflorescence, were 
stripped of all flowers buds and siliquae except for five unopened 
buds 2-3 mm in length. In plants which were to become female parents 
these buds were emasculated by gently squeezing with a pair of no.5 
forceps to expose the immature anthers, and plucking these from the 
stamen filaments with flexible storksbill forceps. All manipulations 
were carried out under an Olympus binocular microscope. Emasculated 
plants were placed in a clear plastic propagation chamber as a 
precaution to prevent accidental cross pollination until the stigmas 
were mature and receptive to pollen. The maturity of the stigma can 
be judged from its appearance - when the papillae on the end of the 
stigma become visible to the naked eye the surface is receptive. This 
was commonly observed to occur one day after emasculation. 




dehisced anther from the male parent and gently brushing pollen onto 
the stigma, pollinating all five of the female buds with the same 
anther. All manipulations were performed with no.5 forceps which were 
flamed in ethanol after each cross to prevent cross contamination. 
Pollinated plants were removed to the greenhouse and allowed to 
develop in the normal way. Plates 2.5.1 to 2.5.3 illustrate a plant 
at various stages of the crossing procedure. 
Plate 2.5.1. Mature wild type plant at the stage 
used for crossing. 
prior to e:rid30Udti 0. 
Pla 	 • 	Josc?r1c 	at'tr 	:iiVl 01 	X;3 DU.3 
aflu t'jowr:; 
• r1 opiiu flower 	 L 	 anu the 
unopened antners. 
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2.5.2. Analysis of crosses. 
The seed gathered from the various crosses was stored for a minimum 
period of three weeks in order to break post harvest dormancy, and 
the seedlings grown from these seed were tested on the basis of two 
phenotypic criteria: gravitropic responsiveness of the primary root 
and root sensitivity to the herbicidal effects of the synthetic auxin 
the objective being to compare these with the known responses 
of the wild-type and certain other mutants. A variety of approaches 
were adopted to investigate the nature of gravitropic curvature of 
the mutants as compared to WT, as were a number of ways of 
investigating their sensitivity to 2 9 4-D. The methods used are 
described in detail in sections, 2.6. and 2.7. 
2.5.3. Comparison of germination times 
Agar plates were prepared as described in section 2.4.3. and sown 
with WT or mutant seed regularly spaced at a density of 89 seeds per 
petri dish. These were given the standard cold treatment, transferred 
to the growth cabinet in continuous illumination and then for ease of 
handling treated as two separate batches, scoring for germination 
being started at nine hours for one batch and at ten hours for the 
other. Every two hours the plates were removed and scored for the 
number of seeds that had germinated by that time. The criterion used 
for germination was the protrusion of the radical from the seed coat, 
a feature that was readily visible under a binocular microscope. 
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2.6. Root growth in relation to 2 1 -Dichlorophenoxyacetjc acid. 
2.6.1. General. 
Sensitivity of Arabidopsis roots to 2,4-D is characterised by 
inhibition of growth, measurable as a reduction in length after a 
given period of incubation in comparison to the controls grown in the 
absence of 2,4-D. WT and mutants were investigated in two ways, the 
dose-response test (Section 2.6.2.) and growth inhibition at one 
concentration (Section 2.6.3.). 
2.6.2. Dose response tests. 
Dose response curves were constructed from the results obtained by 
growing seedlings on agar containing a range of concentrations of 2 9 14-D 
Seeds of WT and mutant were sown onto the surface of the agar in 
90 mm petri dishes in a single horizontal line. These culture plates 
were given the standard cold treatment of four days at 4C in the dark 
and positioned vertically in the growth cabinet in continuous 
illumination for 88 hr. Seedling roots were then measured under an 
Olympus binocular microscope fitted with an eyepiece graticule with a 
micrometer scale. 
2.6.3. Inhibition at one concentration. 
As a direct result of the information derived from the dose response 
tests and in order to assess the significance of differences between 
certain genotypes, the degree of inhibition of root growth at one 
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concentration of 2 9 4-D was examined. Seedlings were grown under the 
same conditions as in section 2.6.2. with the difference that only 
one concentration of 2,4-D was used in addition to the controls and 
they received 72 and not 88 h of incubation. The dose response tests 
suggested 75 nM as a suitable concentration, being in the steepest 
part of the inhibition curve of WT and in the range of values 
obtained for the ED 509 the concentration which causes 50% 
inhibition of root growth. 
2.6.4L Measurement of roots. 
On removal from the growth cabinet the culture plates were placed in 
the dark at 4C. This was done as a precaution to prevent the growth 
of the roots after the end of their incubation but before they could 
be measured. With a large number of culture plates to score, 
considerable time might elapse during the measurement of the roots 
and in order to provide a check that refrigeration did actually 
prevent growth during the measuring period, the first plate to be 
scored was returned to the refrigerator and re-measured after the 
rest of the petri dishes had been scored. In no case had measurable 
growth taken place. The length of each root was measured by 
straightening it with a blunt mounted needle under the binocular 
microscope and measuring its length on the original agar surface with 
the eyepiece graticule to an accuracy of 0.1 mm. Measurement of roots 
was also made from the photographs of petri dishes using an Apple lie 
microcomputer interfaced with a graphics tablet, but only for the 
time course of curvature and growth experiments. Full details are 
shown in section 2.7.7. 
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2.6.5. Treatment of the data. 
With dose-response tests and inhibition at one concentration, the 
mean root length at each 2,I-D concentration was expressed as a 
percentage of the control value, to allow a direct comparison of 
different genotypes disregarding any slight differences in their true 
lengths. Since these percentages are not Normally distributed no 
statistical treatment can be made upon them, but they can be 
converted to a Normal distribution using the ascsine transformation. 
Further details are shown in the appropriate results section. 
2.7. Gravitropic curvature and growth. 
2.7.1. General. 
The investigation of how gravitropic curvature and root growth during 
curvature are altered in the mutants chosen for study was undertaken 
initially using a simple test for the presence or absence of root 
gravitropjsm. This consisted of presenting two day old seedlings on 
agar to gravity at 90 degrees and scoring them for the presence or 
absence of a distinctive downward bend after 24 hr in the dark. It 
was soon realised that although this method provides a quick and 
reliable test where the expected responses are either a positive 
response or no response, where suspicion arose that intermediate 
responses to gravity might exist1 a more detailed approach was 
required. Tests were devised to assess the distribution of root 
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angles after stimulation Al35 degrees to gravity and also to examine 
the orientation of roots which were allowed to develop normally in 
the dark with no interference and no stimulus other than gravity. The 
time lapse photography apparatus described in section 2. 14.3. was used 
to construct time courses of the development of gravitropjc 
curvatures and profiles of growth during curvature of WT and 
mutant. The time taken to germinate after the start of incubation was 
compared in WT and mutant as was the distribution of seed sizes, 
alteration in seed size having been shown to be a phenotypic trait in 
the mutant aux-1 and a feature which affects seedling growth 
(Martindale and Maher 1980). A preliminary experiment to estimate the 
presentation time of WT roots was carried out using a 55 rpm 
clinostat in the Botany department of the University of Trondheim, 
Norway. 
2.7.2. Root emergence angles. 
Seeds of WT and mutant were sown onto agar plates at a density of 36 
seeds per plate in 6x6 grids with 10 mm horizontal and vertical 
spacing. The culture plates received the standard cold treatment and 
then were treated in one of two ways: either (1) 8 hr of continuous 
illumination in vertical perspex racks in the growth cabinet to 
induce germination followed by a further 61 hr covered in aluminium 
foil to exclude light or (ii) 72 h in the lighted growth cabinet. 
These two treatments were designed to examine the development of the 
roots under (1) the sole influence of gravity and (ii) light and 
gravity together. At the end of these periods of incubation the 
culture plates were removed from the growth cabinet, photographed 
against a black background, and the angle of the root tip axes 
measured in relation to the vertical (see section 2.74.). 
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2.7.3. Stimulation at 135 degrees to gravity. 
It has been shown that a stimulation angle of 135 degrees to gravity 
produces a maximal response (Iversen and Larsen, 1971) and this fact 
was made use of in designing this test to investigate mutants 
suspected of having reduced gravitropic responses. Seeds were sown in 
the pattern described in 2.7.2. and received the same treatment up to 
the straightening and 8 h recovery phase, after which the plates were 
rotated through 135 degrees, covered with aluminium foil and returned 
to the growth cabinet. Removal and photography of the culture plates 
were carried out as described in 2.7.2. above as was measurement of 
the root angles from the photographs. 
2.7.4. Measurement of root angles. 
The base of each petri dish was marked with a vertical straight line 
which was used for aligning the plates at the required angle with 
respect to gravity and as a datum for measurement of the root angles 
from the enlarged photographs. The root angle is defined as the angle 
between the root axls'\before and after stimulation. Where no 
deliberate stimulation was actually given to the roots the root angle 
is the angle the root tip axis makes with the vertical. Measurements 
of the root angles were made from enlarged photographs of the petri 
dishes. A fine straight line on a set square was aligned with the 
axis of each root tip in turn and a line parallel with this was drawn 
onto the surface of the photograph itself. The angle between this 
line and the datum line on the petri dish is the root angle and was 






root angles were expressed as a mean and standard error of the mean 
for each petri dish and more closely examined by plotting the 
distribution of root angles as histograms with 18 x 20 degree 
classes. A clear and convenient way of assessing these results is by 
the circular histogram method described in 2.7.5. below. 
2.7.5. Treatment of results - the circular histogram method. 
By plotting the root angles in 20 degree classes around the 
circumference of a circle, the direction in which the bars point are 
the same-directions in which the roots themselves were pointing and 
thus the root angles may be directly compared with the gravity vector 
during stimulation. Sample circular histograms are shown in figure 
2.7.1 below. 
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Figure 2.7.1. Sample circular histograms showing the 
distribution of (a) WT and (b) agr-1 root angles after 
emergence in the dark, plotted in 20 0  classes. Scale: 
2 mm = 1 seedling. 180 0 represents roots growing 
vertically downwards. 
2.7.6. Time course of curvature and growth. 
Agar culture plates were prepared as described in section 2.4.3. WT 
and mutant seed were sown onto the surface of the agar in varying 
patterns as required by the individual experiments, and gravitropic 
curvature and growth during curvature were examined using the time 
lapse photography apparatus described in section 2.4.3. The range of 
experiments carried out was diverse and full details of individual 
treatments and results are given in section 3.4.5. 
2.7.7. Image analysis of seedling roots. 
Root lengths were measured from enlarged photographs of the culture 
plates or from tracings of projected negatives using the stereometric 
measurement and analysis program (Miller Systems) on an Apple He 
microcomputer interfaced with a graphics tablet. The line of each 
individual root was traced with a stylus and using an appropriate 
scale the roots were measured to an accuracy of 0.1 mm. 
2.7.8. Estimation of the presentation time of WT roots. 
8 WT seeds were sown onto freshly prepared agar in a horizontal line 
along the centre of each of four petri dishes and after the standard 
cold treatment cultured for 72 h in continuous light (2-2.5 Wm2 ). 
At the end of this period the roots were straightened, aligning them 
with the vertical axis and the plates rotated, presenting the roots 
to gravity at 135 degrees for 5, 10, kO and 70 minutes respectively. 
After these stimulation periods the petri dishes were rotated in the 
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opposite direction, returning the roots to the vertical. These 
manipulations were carried out under a dark green safelight. After a 
further hour the roots were visually scored for the presence or 
absence of gravitropic curvature. 
To elaborate upon the result of the above experiment, use was made of 
the 55 rpm clinostat in the Department of Botany in the University of 
Trondheim. Seeds of WT were sown onto 2 mm deep agar in the clinostat 
growth chamber and after standard cold treatment grown for 72 h in 
the light regime described above. At the end of this period the roots 
were straightened, aligning them along the vertical axis of the 
growth chamber. (Using agar of this depth and lining the roots up on 
the central axis of the growth chamber ensures that the root tip axes 
are coaligned with the axis of rotation of the olinostat.) The growth 
chamber was then placed in the dark for 4 h to allow the seedlings to 
recover from handling and under a green safelight they were presented 
at 90 degrees to gravity for 10, 20 9 40 or 80 minutes. After these 
periods of stimulation the chamber was quickly returned to the 
clinostat and rotation immediately started at 55 rpm. After 6 h of 
rotation the growth chamber was photographed in situ with a Nikon FE 
35 mm camera, fitted with 50 mm lens and extension tubes and 
illuminated from the rear with electronic flash covered in three 
layers of green cinemoid filter. The root angles were measured from 
the photographs as described in section 2.7.5. The clinostat is 
shown in plate 2.7.1. 
2.8.2. Fixation for microscopy. 
After one hour in the inverted or normal orientation whole seedlings 
were transferred directly to a solution of 3% glutaraldehyde in 
phosphate buffered saline (PBS: 0.05 M K 2HpO4 , 0.05 M 1CH2PO4) 
and left for 2 h at room temperature. Further treatment of the 
specimens was as follows: 
4 x 30 min washes in 0.05 M PBS at 4C 
Postfixation in 1% 080 4 in aqueous solution for 2 h at kC 
2 x 30min washes in distilled water at 4C 
Dehydration in a standard ethanol series as follows: 
25% ethanol for 15-20 mm 
40% 	 it 
60% 
7 5 % 	 U 
9 6 % 	 U 
100% for 30 mm (three 30 min changes) 
The now dehydrated seedlings, black in colour and brittle in texture 
had the 100% ethanol substituted by propylene oxide (PPo) in three 




Plate 2.7.1. The 55 rpm clinosta'.. 
2.8. Ultrastructura3. studies. 
2.8.1. Plant material - growth conditions and tr'atment. 
Seeds of WT and the three agr mutants were sown on freshly-prepared 
agar at a density of 36 seeds per petri dish in 6x6 grids with 10 mm 
vertical and horizontal spacing. The culture plates received the 
standard cold treatment and were then placed in continuous 
illumination in the growth cabinet for 148 h. At this stage roots of 
approximately 3 mm in length were straightened, aligning them along 
the vertical axis with the root tips pointing directly downwards. 
After a further hour half of the petri dishes were inverted and left 
in that orientation for another hour before fixation. 
2.8.2. Fixation for microscopy. 
After one hour in the inverted or normal orientation whole seedlings 
were transferred directly to a solution of 3% glutaraldehyde in 
phosphate buffered saline (PBS: 0.05 M K2}IPOU, 0.05 M KH2PO4) 
and left for 2 h at room temperature. Further treatment of the 
specimens was as follows: 
U x 30 win washes in 0.05 M PBS at Uc 
Postfixation in 1% OsO in aqueous solution for 2 h at 4c 
2 x 30min washes in distilled water at UC 
Dehydration in a standard ethanol series as follows: 
25 ethanol for 15-20 win 
40s 	 it 
60% 
75% 	 if 
96% 	
tl 
100% for 30 win (three 30 win changes) 
The now dehydrated seedlings, black in colour and brittle in texture 
had the 100% ethanol substituted by propylene oxide (PPO) in three 
steps as follows: 
IMP 
Ratio of ethanol : PPO 	Time 
	
2:1 	 15 mm 
1:1 	 IT 
1:2 
0:1 	 'I 
Infiltration of the specimens in Araldite or Epon 812 was then 
carried out in the following way: 





















Infiltration was carried out at room temperature on a rotating rack 
inclined at 45 degrees. All solutions were changed using pasteur 
pipettes, the tips of which had been rounded in a gas flame to avoid 
damaging the specimens. The terminal 1-2 mm of the root tips were 
embedded in the sectioning resin by placing them on the inside of the 
polythene embedding capsule lids, closing the capsules and adding the 
liquid medium through the cut off end. This method was adopted to 
ensure that the root longitudinal axes were parallel with the cutting 
face of the blocks. Capsules prepared in this way were cured for 48 h 
at 60c in a TAAB Mk II embedding oven. 
2.8.3. Sectioning and viewing. 
Serial thin sections of 0.5 - 1.0 urn thick were cut on a Reichert 
Ultracut microtome using glass knives, transferred to microscope 
slides with a platinum wire loop and dried on a hot plate at 60C, 
stained in toluidine blue and examined under a Vickers light 
microscope. When these sections indicated that the centre of the root 
cap was near, serial gold ultrathin sections were cut, collected on 
formvar coated copper grids (Agar Aids, 50 mesh) and stained with 
saturated uranyl acetate for itO minutes followed by 2% lead citrate 
for 5 minutes. Sections were viewed under a Jeol 100-S transmission 
electron microscope (TEM). 
2.9. NAA and NPA binding. 
Reversible binding of naphthalene-acetic acid (NAA) and 
naphthylpalamic acid (NPA) to the 140009-39000g pelleting membrane 	- 
fraction from whole Arabidopsis seedlings was assessed using the 
modified centrifugation assay of Batt et al. (1976) as follows: 
2.9.1. Preparation of membrane extracts. 
Batches of whole three day old seedlings grown by the liquid shake 
culture method were harvested as described in section 2.4.4.3. and 
used immediately or frozen in liquid nitrogen and stored at -70C 
until required. Batches of varying total weight were ground in a 
mortar and pestle with a small amount of washed sand in grinding 
buffer (0.25 H sucrose, 50 mM THIS, 1 mM Na 2 EDTA, 0.1 mM MgC12 
DO 
PH 8.0 with acetic acid) using appproximately 1.5 ml per gramme 
fresh weight of seedlings. The homogenate was squeezed through cotton 
gauze and the residue re-ground in the same volume of fresh grinding 
buffer before being again squeezed through cotton gauze, this time 
the residue being discarded. The combined filtrates were centrifuged 
in polycarbonate tubes (Sorvall, 12 ml) at 40OOg for 10 minutes in 
Sorvall RC30B Superspeed centrifuge using an SS34 angle rotor and the 
resultant supernatant re-centrifuged at 390009 for 30 minutes. The 
pellet was resuspended with a teflon-glass homogenizer in wash buffer 
(0.25 M sucrose, 10 mM trisodium citratu, 0.5 mM MgCl2 , pH 6.0 
with acetic acid) to give approximately 1.5 ml per gramme of original 
fresh weight, and this suspension was re-centrifuged at 390009 for a 
further 30 minutes. The washed pellet was then resuspended in binding 
buffer (0.25 M sucrose, 10 mM trisodium citrate, 5 mM MgS0 1  pH 
5.5 with acetic acid). The final volume of binding buffer varied 
according to the demands of each experiment. All manipulations were 
carried out on ice where possible, or in a cold room at or around 4C. 
2.9.2. Binding assays. 
Chemicals: 4-3H-NAA (30 ci mmol 1 ) was a gift from Dr R Firn, 
University of York. 3H-NPA (3.3 ci mmol) and unlabelled NPA 
were gifts from Dr M Venis, East Mailing Research Station. 
2.9.3. Assessment of total reversible binding. 
3H-NAA or 3H-NPA were added to the membrane extracts from 
stock solutions in ethanol or methanol respectively to give final 
concentrations of around 2x10 9 M. Full details of the exact 
procedures are given in the relevant results section. Five minutes 
were allowed for binding of the label, after which the binding 
fraction was split into two equal sized aliquots. To one half was 
added unlabelled liganci from stock solution in methanol to a final 
concentration of 104 M (Treatment A) an appropriate volume of 
methanol (Treatment B). After a further five minutes triplicate or 
quadruplicate I ml samples were taken from each treatment, pipetted 
into small centrifuge tubes (Sorvall 7x50 mm cellulose acetate 
butyrate) and centrifuged for 30 minutes at 39000g. The resultant 
pellets were allowed to drain onto paper towels for 15 minutes before 
being surfaced rinsed with 1 ml of distilled water and allowed to 
drain for a further 15 minutes. 
The washed pellets were recovered in three 0.45 ml increments of 
distilled water and added to 0.45 ml of liquid scintillation cocktail 
(toluene:Triton X-i00:butyl-PDB in a ratio of 1000:500:6.1) in 
disposable plastic vials where they were thoroughly mixed using a 
vortex mixer, and the radioactivity (CPM) in each vial estimated in a 
Kontron Intertechnique liquid scintillation counter. In one 
experiment to assess the displacement of bound NAA with benzoic acid 
the membrane extract in binding buffer was divided after addition of 
- the labelled NAA into three equal aliquots to which were added iO -4  
M NAA, 10 M benzoic acid and an appropriate volume of 
methanol respectively. Each of these treatments was then handled in 
the standard way, triplicate I ml samples being taken and pel].eting 
radioactivity assessed by the centrifugation assay. In one experiment 
total reversible binding of NPA was measured using the same assay, 
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adding 3H-NPA to the membrane extract from stock solution in 
methanol to a final concentration of 6.06x10' 9 M. Reversible 
binding was measured in the normal way, adding unlabelled NPA in 
methanol to 10 -4 H to one half of this mixture and an equivalent 
volume of methanol to the other. In all the above experiments the 
mean CPM for treatment B is due to the binding of the labelled ligand 
in total, whereas the mean CPM for treatment A is due to bound ligarid 
not displaceable by a saturating concentration of free unlabelled 
ligand. The CPM due therefore to reversible binding is CPM(B) - 
CPM(A). 
2.9.. Assessment of binding kinetics. 
In order to estimate the affinity of the reversible binding site(s) 
for NAA the same centrifugation assay was used except that instead of 
adding unlabelled NAA at one saturating concentration it was added 
o.cross a range of concentrations between 10_6  and 10 H. In 
this way reversible DPM and hence quantity of bound NAA could be 
found at each concentration and plots constructed to estimate the 
affinity of the binding site(s). At each concentration after addition 
of -the unlabelled NAA triplicate 1.0 or 1.2 ml samples were taken and 
radioactivity in the 390009 pellet measured as normal. The CPM 
figures were corrected to DPM using a quench calibration curve and 
the reversible DPM at each concentration found by subtracting the 
figure for each of the non-saturating concentrations from that of the 
saturating concentration. To check the activity of the label source a 
10 ul aliquot of the stock solution was counted in 10 inl of liquid 
scintillation cocktail along with the rest of the samples. 
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2.10. Protein assays. 
Estimation of the protein content of membrane extracts was carried out 
using the method of Lowry et al. (1951), as follows: 
I ml each of 1% CuS0 and 2% sodium potassium tartarate (both in 
distilled water) were mixed together and made up to 100 ml in 2% 
Na2CO 3  in 0.1 M NaOH (combined reagent). 
100 ul aliquots of membrane extracts (whole or diluted 1:1 with 
distilled water) were made up to 1 ml with 0.1 M NaOH and mixed with 
4 ml of combined reagent. After 15 minutes 0.5 ml Folin reagent 
diluted 1:1 with distilled water was added, and the colour allowed to 
develop fully overnight in a refrigerator at kc. Absorbance at 600 
nm was estimated with a Korning 252 bench colorimeter calibrated 




3.1. Genetica]. Analysis. 
Agravitropic mutants were induced using the chemical mutagen 
ethylmethanesuiphonate (EMS) by Dr E.P. Maher at the University of 
Aberdeen during the period 1976-1982. For details of the mutagenic 
treatment see Maher and Martindale (1980). The mutants chosen as the 
subjects for this study were eight putatively agravitropic genotypes 
at the M3 stage (the second generation of selfed plants after the 
mutagenic treatment), having been initially selected on the basis of 
the failure of their primary roots to respond to gravity 24 hours 
after being placed horizontal in the dark. These genotypes are 
initially referred to by their seed stock numbers which are as 
follows: 857 9 858, 861, 862, 874, 898, 918, and 93 
The mutants aux-1, aux-2 and Dwf were selected on the basis of 
their increased resistance to the herbicidal effects of 2,-D, 
whereas the mutants that are the principal subjects of this study 
were selected for altered gravitropic responses of the primary root. 
This second selection method might be expected to isolate a more 
diverse range of mutants than the previous method as it does not 
require them to be resistant to 2,4-D in addition to having altered 
gravitropism. This section was intended to analyse three aspects of 
the genetics of the agr mutants. Firstly, to establish whether the 
members of the agr family of mutations are allelic; secondly to 
discover if the aux-t locus and the agr locus are distinct; 
thirdly to establish dominance relationships between the agr 
mutations and WT, and between the alleles of the agr locus. In 
addition, two other phenotypic characters were investigated: time to 
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germinate and seed size distribution, both features which are altered 
in the mutant aux-1. 
3.1.1. Complementation test of mutant lines 857-932 with aux-1 and WT. 
The aim of this experiment was to cross these putatively agravitropic 
mutants with each other in all combinations and with aux-1 and WT, 
and to test the progeny of these crosses for the presence or absence 
of root gravitropism. The rationale for a complementation test of 
this nature is that two mutants with the same phenotype may or may 
not be affected at the same locus. If both are recessive characters 
and if they are actually the same mutant, called hypothetically "a", 
then the progeny of a cross between them will have the genotype a-/a-
and will retain the mutant phenotype. If, however, two different 
loci, "a" and "b", are involved, the progeny of a cross between them 
will have the genotype a +/a- b+/b- , and since both a and b are 
recessive, the phenotype will be normal. All of the M mutant 
lines tested were homozygous so the crosses with WT should reveal 
whether each mutant phenotype is dominant or recessive, and the 
crosses between mutant lines should establish whether the agr 
mutants are allelic with aux-1, and if not, how many new alleles 
there are. Figure 3.1.1 shows the scheme for crossing the mutants and 
a plan for the interpretation of the results. 
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Figure 3.1.1. Crossing Scheme for the Complementation Test./ 
Consider a cross between a homozygous agravitropic mutant and WT. The 
mutant is the M3 generation (second generation of selfing after 
the mutagenesis) and is consequently known to be homozygous. For ease 
of presentation let the mutant title be "a", a being the mutant 
allele and a denoting the WT allele. 
Parents: 	a-/a-  x a+/a+ 
	
If the FT progeny have the normal 
phenotype then the mutation is recessive. 
If the progeny are agravitropic then 
F 1 progeny: 	a-/a+ 
	
the mutation is dominant. 
Now consider a cross between two such homozygous recessive mutants 
with identical genotypes, a-/a- . 
Parents: 	a-/a-  x a/a 
I 
F 1 progeny: 	a/a 
The mutant phenotype is retained in 
the F 1 progeny. 
A cross between two agravitropic mutants a and b, each homozygous for 
a mutation at a different locus which causes the same phenotype would 
result in the following. 
Parents: 	a-/a- b+/b+  x a+/a+  b/b 
Normal phenotype in 
the' F ,,,generation. 
F 1 progeny: 	a-/a+ b-/b+  
When considering the gravitropic responses of the progeny of these 
crosses the conclusions in table 3.1.1 may be drawn. 
Table 3.1.1. Scheme for the interpretation of the complementation 
test results. For clarity each of the agr mutants numbered as shown 
in 3.1.1 above are referred to as agr, and representative pairs are 
referred to as agr. and agr. 
Cross 	Progeny phenotype 	Conclusion 
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WT x agr Gravitropic 
WT x agr Agravitropic 
agr x aux-1 Gravitropic 
agr x aux-1 Agravitropic 
x agrj Gravitropic 
x agrj Agravitropic 
agr is recessive 
agr is dominant 
agr and au.x-1 different loci 
agr and aux-1 same locus 
Different loci 
Same locus 
The Complementation Test. 
The putatively agravitropic mutants 857, 858, 861, 82, 87, 898 9 918 
and 932 werecrossed in all combinations with each other and with WT 
and aux-t according to the scheme in table 3.1.2. 
Table 3.1.2. Crossing scheme for the complementation test. "X" 
indicates where a cross was carried out between the genotypes in the 
corresponding row and column. 











x 	x x x x x x 	x 
x 	x x x x x x 	x 
x 	x x x x x x 
x 	x x x x x 
x 	x x x x 
x 	x x x 
x 	x x 
x 	x 
x 
Five immature buds were emasculated on one plant of each of the 
mutant lines, and these were used as female parents, being pollinated 
by hand with anthers from the chosen male parent as described in 
section 2.5.1. The plants were allowed to reach maturity and the seed 
was harvested from each plant in turn, transferring whole ripe 
siliquae to the seed envelopes to minimise the chances of cross 
contamination. After a period sufficient to break post-harvest 
dormancy (minimum of three weeks) the progeny of these. crosses were 
tested for root gravitropism. The small number of seed recovered from 
each cross necessitated the use of urisieved seed, which were sown 
onto the surface of freshly prepared agar in 90 mm petri dishes using 
the suction and syringe method described in section 2.3. The progeny 
seed from two crosses was tested on each petri dish by sowing the 
seed in the pattern shown in figure 3.1.2 below. 
Figure 3.1.2. Design of test plates for the complementation test. 
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X, Y and Z represent the seed of the parental genotypes, and XxY and 
YxZ represent their progeny. 
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The seeds were sown in 5 columns of 5 seeds each and the positioning 
of the progeny seed between the parental generations allowed a ready 
comparison between them. The petri dishes all received the standard 
cold treatment of four days in total darkness at 4C 9 and this was 
followed by 48 hours of continuous illumination with the petri dishes 
positioned vertically in the growth cabinet (for conditions see 
section 2.L3). At the end of this period the seedling roots were 
straightened with a blunt mounted needle and aligned along the 
vertical axis, and then the petri dishes were rotated through 90 
degrees. They were then immediately returned to the darkened growth 
cabinet for a period of 24 hours, after which the roots were scored 
for the presence or absence of positive root gravitropism. The 
criterion for a positive response was the presence of a distinctive 
downward bend. The existence of phenotypes with partial gravitropic 
responses was not anticipated, but these types did occur, requiring 
the scoring system to be elaborated. Each genotype on each petri dish 
was designated gravitropic, agravitropic or intermediate in response, 
on the basis of examining the five roots belonging to that genotype. 
Certain of the test plates had to be repeated because they had 
partially dried out, so the number of times each genotype was scored 
varies. Table 3.1.3 shows the results for the parental genotypes. The 
results for every petri dish scored are in three categories: 1 - 
positive response; 2 - no response; 3 - intermediate between 1 and 2. 
The intermediate response was estimated subjectively, as no actual 
measurement of the root angles were made. 
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Table 3.1.3. Gravitropic nature of the parental genotypes from the 
complementation test. Number of petri dishes scored. 
Genotype 	Extent of the gravitropic response 	Phenotype 
Full 	Partial 	 Nil 
857 0 1 13 Agravitropic 
858 0 5 7 Partially gravitropic 
861 0 2 10 Agravitropic 
862 9 2 1 Gravitropic 
8714 0 2 10 Agravitropic 
898 0 1 9 Agravitropic 
918 7 2 0 Gravitropic 
932 0 1 5 Agravitropic 
WT 9 3 0 Gravitropic 
aux-1 0 0 10 Agravitropic 
This table raises several points before the progenies of the crosses 
are considered. Firstly, the results for WT show that uncertainty can 
exist about the nature of the response even when the true phenotype 
is beyond question, and a certain amount of judgement must be 
excercised in the interpretation of the results. Secondly, two of the 
parental genotypes, 862 and 918, originally thought to be 
agravitropic and included in the complementation test for that 
reason, clearly had the WT phenotype. Thirdly, uncertainty about the 
phenotype in a minority of the petri dishes in each case was 
apparent, but in the case of 858 almost half of the culture plates 
were scored for an intermediate response, which may indicate that 
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this mutant is in fact positively gravitropic, but less vigourously 
than the WT. In addition, there were clear differences between 
certain of these genotypes observed before the roots were aligned on 
the vertical axis of the culture plates. The roots of 861, 674, 898, 
932 and aux-1 all required considerable manipulation with the 
mounted needle and had a far more random distribution in respect of 
the directions they were pointing in than WT, 857, 858, 862 and 918, 
which had roots that were pointing predominantly downward. If 862 and 
918 are really WT that were incorrectly selected as agravitropic, and 
858 is partially gravitropic, then this observation can be explained, 
but why the apparently agravitropic roots of 857 should appear normal 
before straightening is a matter of conjecture and is treated at 
length in later sections. The results of the progenies of the crosses 
are shown in table 3.1.4. Due to the design of the test plates, the 
parental genotypes appear on every petri dish in which they were used 
as one of the parents, whereas the progeny of each cross were 
observed only once, or twice if there was a repeat plate tested. The 
gravitropic phenotypes of the progenies of the crosses are indicated 
below as the predominant phenotypes observed from the roots that were 
examined. 918 and 862 are excluded from this table on the strength of 
the conclusion that they have the WT phenotype. 
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Table 3.1.4. The Gravitropic Nature of the FT Progenies in the 
Complementation Test. A positive gravitropic response is denoted by 
+, no response by -, and an intermediate response by +. 
932 	898 874 	81 	858 857 
WT 	+ 	+ 	+ 	+ 	+ 	+ 
aux-1 	+ 	+ 	+ 	+ 	+ 	+ 
57 	- 	- 	- 	- 
858 	- 	- 	- 
861 	- 	- 	- 
874 	- 	- 
898 	- 
The following features are evident from this table: Crosses in which 
WI' was one parent all resulted in progeny that were gravitropic, 
showing that all of these mutant phenotypes are recessive to WT. 
Crosses in which aux-T was one of the parents in all cases 
resulted in progeny that were gravitropic, indicating that the agr 
and aux-1 alleles are distinct. In all but two of the crosses 
between the agr mutants the progeny were agravitropic, which, using 
the criteria in the scheme in figure 3.1.1 would indicate that all of 
these mutant phenotypes are caused by lesions at the same locus. 
The two crosses which gave rise to progeny with partial responses to 
gravity were 858x861 and 857x861. Since the 858 parents appeared 
themselves to have intermediate responses to gravity, the former of these 
cases might be explained if the 858 phenotype is dominant to the totally 
agravitropic phenotype of the other agr mutants. If this were the case, 
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it would also be expected that the other crosses with 858 as one 
parent would have given rise to partially gravitropic progeny, but 
this did not occur. The partially gravitropic progeny of 857x861 is 
an interesting result because the 857 parent appeared to have 
gravitropic roots before straightening. If 857 too is partially 
gravitropic and dominant to the agravitropic phenotypes it would 
explain this result, but the same problems in the interpretation of 
the 858 result apply with 857, namely, partially gravitropic progeny 
should also have resulted from the rest of the crosses. An 
alternative interpretation is that 861, although allelic with the 
other agr mutants and having the same phenotype, is recessive to 
858 and 857 whereas the other are not. 
If fully gravitropic progeny had been the result of these two crosses 
the obvious interpretation would be that 861 is a distinct locus from 
857 and 858, but there are two reasons why this is unlikely: (i) the 
gravitropic reponse was very slight; (ii) the progeny of crosses of 
857,858 or 861 with 932, 874 or 898 were agravitropic. However, that 
861 gave rise to obviously intermediate progeny only when crossed 
with 857 and 858 does tend to indicate that it is different in some 
way, and due consideration of this is given in the discussion. These 
results together indicate that all of these mutants are allelic and 
that multiple alleles of the same locus may exist, a situation in 
parallel to that at the aux-1 locus. The mutant 932 was chosen as 
a representative of the agravitropic genotypes, along with 857 and 
858 for further study to investigate more closely the nature of their 
gravitropic responses, and to clarify the dominance relationships. 
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As the evidence from the complementation test suggests allelism of 
these mutants, they were designated agr, and distinguished as 
follows: 
932..... .agr-i 
857.. ... .agr-2 
858..... .agr-3 
Table 3.1.4 suggested recessivity of the agr-2 and agr-3 
phenotypes to agr-t, but a test was devised to analyse the 
distribution of root angles after a 24 hour period of stimulation at 
135 degrees to the vertical and the results, which show that agr-2 
and agr-3 are dominant over agr-1 are presented as an addendum to 
section 3.4. 
3.1.2. Further analysis of agr-. 
The F 1 agr_f/agr-1 heterozygote of the WTx932 cross 
was grown to maturity and allowed to self. The F2 seed was 
collected, stored for a period sufficient to break post harvest 
dormancy, and F2 seedlings were tested for the presence or 
absence of root gravitropism. The aim of this experiment was to 
determine the ratio of gravitropic to agravitropic seedlings in the 
F2 generation; for a recessive mutation the expected frequency of 
phenotypes in the F 2 generation is 3 dominant:T recessive. Seeds 
were sown onto the surface of agar using the method described in 
section 2.3. Three petri dishes were prepared with 30 seeds each in a 
5x6 grid with 10 mm horizontal and vertical spacing, and these were 
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given the standard cold treatment of 4 days in total darkness at kc. 
This was followed by 48 hours of continuous illumination with the 
petri dishes held vertically in the growth cabinet after which the 
seedling roots were straightened with a mounted needle, aligning them 
along the vertical axis. The petri dishes were rotated, stimulating 
the roots at 135 degrees to gravity and immediately returned to the 
growth cabinet for a further 24 hours. The stimulation angle of 135 
degrees was used as this has been shown to elicit the maximum 
possible response (Larsen, 1969), and as such should show the 
clearest distinction between gravitropic and agravitropic roots. At 
the end of the stimulation period the petri dishes were visually 
scored for seedlings with or without the distinctive downward 
curvature associated with positively gravitropic roots. 
Gravitropic and agravitropic roots were obtained in. the ratio 65:21. 
A chi-square test was carried out on these data with the null 
hypothesis that the results do not differ significantly from a 3:1 
ratio. Chi-square with one degree of freedom = 0.016 (p=0.9), 
showing that there is no significant difference from a 3:1 ratio, 
confirming that the agr-1 phenotype is recessive and suggesting 
monofactorial inheritance. 
3.1.3. seed size distribution analysis of the agr mutants. 
The distribution of seed sizes has been shown to be a stable 
phenotypic trait of the mutant aux-1 9 which has a higher proportion 
of seed in the larger size classes than WT (Martindale, 1982). This 
character is a stable feature of the aux-1 phenotype and can be 
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used to distinguish between seed samples. The aims of analysing the 
distribution of seed sizes of the agr mutants were twofold: firstly 
to see if these distributions differ from those of WT and aux-1, 
and secondly to examine successive generations of WT, aux-T and 
each of the three agr mutants to establish whether the 
distributions obtained are inherited traits which could oe used as 
phenotypic markers. The seed of each sample was separated into the 
following size classes using Endecott test sieves as described in 
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The sieves were arranged in order of decreasing mesh size with a lid 
at the top and a collecting tray at the bottom. Portions of up to 
10 000 seed were passed through the stack of sieves by shaking 
vigourously for several minutes, and the number of seeds retained by 
each sieve were counted. The size classes were expressed as 
percentages of the total sample size and plotted in the form of 
histograms. WT, aux-t, agr-1, agr-2 and agr-3 were analysed 
in this way using two seed samples for each genotype, of different 
generations where possible. The results are shown in figure 3.1.3. 
Due to the restricted availability of sieves the size classes are 
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Figure 3.1.3. Distributions of seed sizes of WT, aux-1, 
agr-1, agr-2, agr-2 and agr-3. Two seed samples 
of each genotype. The bars represent the percentages of 
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unequal, and in order for the histogram bars to accurately represent 
the number of seeds in each class, the width of each bar is not in 
proportion to the range of sizes it represents. Figures 3.1.3 (a) and 
(b) confirm the previous findings of Martindale and Maher (1980) 
showing that the major class of seed was 250-280 urn for WT and 300-
355 for aux- 1 • For both WT and aux- 1 there was a majority of the 
seed in the major size class. Martindale and Maher (1930) showed that 
the major class of seed can be 280-300 for WT and aux-1, but that 
these genotypes commonly have distributions like those found here. 
Figures 3.1.3 (c)-(e) show that in all but one case, that of agr-3(1), 
the major size class for the agr mutants was 250-280 urn. 
Comparing each of the two samples within each genotype, considerable 
variation is apparent in the distribution of seed sizes even though 
the major class may be the same; for example 54 of the seed falls 
below 250 urn in agr-2(1) and only 9 in agr-2(2). 
No clear trends for any of the genotypes are apparent which could be 
used as phenotypic markers as for aux-l. The results of agr-3 may 
indicate a bias towards size classes greater than 4T or the other two 
agr mutants, but the result for agr-3(2) is virtually identical 
to that for agr-1(2) so no conclusion can be drawn other than that 
the differences might be due to inter-plant variation. The agr-1 
samples showed a considerable proportion of seed below 200 urn, a 
feature found also with agr-2(1). This was due to the presence of 
many small, dark, poorly developed seed, and the possible reasons for 
their presence are treated in the discussion. 
3.1.4. Germination Times of the agr mutants. 
The observation from experiments in later sections that different 
genotypes have roots of differing length after the same period of 
incubation prompted the question whether these differences were due 
to differences in time to germination. It has been shown that 
precocious germination is a trait in the aux-i phenotype and this 
investigation was undertaken to determine whether such differences 
also exist in the agr mutants, and by testing successive 
generations of each mutant, to establish whether these differences 
are stable phenotypic traits. Seeds of two generations each of WT and 
each of the three agr mutants were tested and as in the previous 
section they are referred to as (1) and (2). 
The seeds were sown onto freshly prepared agar using the methods 
previously described, at a density of 89 seeds per 90 mm petri dish. 
The petri dishes, each containing one generation of one genotype were 
given the standard cold treatment of 4 days at 4C in the dark before 
being transferred to continuous illumination in the growth cabinet. 
There were eight petri dishes in total and these were treated as two 
batches of four each, commencing the scoring procedure at 9 h for one 
batch and 10 h for the other, and at two hour intervals thereafter up 
to 46 and 47 hours respectively. The procedure for scoring the plates 
was as outlined in section 2.7.9, and involved removing the petri 
dishes from the growth cabinet and counting the number of seeds which 
had protruding radicles under a binocular microscope. The number of 
seeds germinating in each two hour period was determined and the 
frequency distribution for each sample plotted as a histogram. The 
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results are shown in figure 3..4. All except agr-1(2) appear to 
approximate to Normal distributions, and statistics were calculated 
from the frequency distributions for each sample using the method of 
Snedecor (1946). The results of the statistical treatment are shown 
in table 3.1.5. 
Table 3.1.5. Statistics from the Frequency Distributions of 
Germination Times of WT and the three agr Mutants. 
WT(1) WT(2) agr-1(1) agr-2(1) agr-2(2) agr-3(1) agr-3(2) 
n 	84 	89 	87 	89 	87 	87 	88 
(h) 	22.57 17.07 	19.03 	21.09 	25.59 	25.59 	17.48 
s.e. 	0.52 	0.31 	0.36 	2.89 	0.42 	0.43 	0.41 
n = sample size 
sample mean 
s-e. = standard error 
To asses the significance of the differences between the means of each 
sample, analysis of variance was carried out on the data. The summary 
ANOVA is shown in table 3.1.6. 
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Figure 3.1.4. Germination times of WT, agr-1, 
agr-2 and agr-3 during incubation in continuous 
illumination. Two seed samples from two different 
generations of each genotype. The bars represent the 
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Sum of Squares 	d.f. 	Mean Square 	F 
Between samples 
	
6653 	 6 	1109 	77.5 
Within samples 
	
8657 	604 	14.3 
The results from table 3.1.6 show that the mean germination times for 
the samples tested varied from 17.07 hours for WT(2) to 25.59 hours 
for agr-2(2) and agr-3(1). Two generations of the same genotype, 
agr-3, were found to differ by 8.11 hours. The analysis of 
variance on the data gives an F statistic of 77.5, far in excess of 
2.85, the 0.01 significance point with 6x400 degrees of freedom, 
showing that these differences are highly significant. Two 
conclusions may be drawn from this result. (1) Germination time does 
differ between these genotypes, but it is not a stable inherited 
trait, varying also between different generations of the same 
genotype. (ii) The differences between germination times are highly 
significant and therefore if the physiological age of seedlings is to 
be used as a parameter in experimemtal design these differences 
should be taken into account. 
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3.2. Ultrastructural Studies. 
Despite the recent isolation of a mutant with greatly reduced 
amyloplast starch which is reported to have a normal gravitropic 
response (Caspar et al., 1985), there is abundant evidence that upon 
displacement from the vertical, movement of amyloplasts in the root 
cap is the first in a series of stages by which gravity is perceived, 
leading to the root return:ng to its liminal angle (reviews by Audus, 
1962; Wilkins, 1966; Juniper, 1977; Audus, 1979; Volkmann and 
Sievers, 1979). The primary effect of the sedimenting amyloplasts is 
unclear but is thought that they interact with some other subcellular 
component, triggering a chain of events culminating in the 
differential growth response which returns the root axis to the 
vertical. Examination of the root cap structure is therefore an 
important line of investigation which could reveal changes in the 
mutants and explain their altered responses to gravity in terms of 
interference in their perception of the stimulus. Hertel et al. 
(1969) showed a correlation between the reduced shoot gravitropism of 
the corn mutant amylomaize and the nature of its amyloplasts, which 
are smaller than those of the the wild type, and Olsen et al. (198 44) 
provided data which indicate that the sedimentation of statocyte 
amyloplasts in the agravitropic Arabidopsis mutant aux-1 is 
slower than in the wild type. The distribution of ER in the 
statocytes of the pea mutant ageotropurn appears to4 different to 
that in the wild type roots (Olsen and Iversen, 1980b). These are 
three cases where investigation of plant structure has provided clues 
to the causes underlying mutant phenotypes and it was decided to 
undertake an ultrastructuralinvestjgatjon of the agr mutants in 
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this study. A comparison of the WT root cap ultrastructure with that 
of the three agr mutants was undertaken to determine whether any 
gross morphological differences could be detected which may be 
causally related to their altered phenotypes. The study also included 
examination of roots which were inverted an hour before fixation to 
see whether the mutant amyloplasts sedimented in tue normal ' way, 
providing an empirical check on their mobility in the cytoplasm. 
Olsen (1982) described the root cap structure of Arabidopsis as 
consisting of five storeys of statocytes, arranged as shown in figure 
3.2.1 below. 
Figure 3.2.1. The root cap of Arabidopsis thaliana as described 
by Olsen (1982). The storeys of statocytes are numbered with Roman 
numerals. Scale bar = 50 um. (Redrawn from Olsen, 1982) 
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Embedding of Arabidopsis roots in paraffin wax and examining their 
anatomy in a conventional way can be achieved, but due to the 
extremely small size of the specimens, prestaining with erythrosin is 
neccessary to locate them in the wax blocks, and with the relatively 
thick sections required (lOum), few can be cut from each. Embedding 
in an epoxy resin allows thin sections to be cut on an ultramicrotome 
for both light and electron microscopy, providing results far 
superior in quality and detail. Whole three day old Arabidopsis 
seedlings were fixed in glutaraldehyde then osmium tetroxide, 
embedded in araldite or Epon 812 epoxy resins and sectioned on an 
ultramicrotome as described in section 2.8. Gold-ultrathin sections 
were stained in uranyl acetate and lead citrate, and viewed and 
photographed on a ,Jeol 100-S transmission electron microscope (TEM). 
The electron micrographs presented here, are representative samples 
of each genotype, chosen collectively to show the features that are 
clear from the selection of photographs taken of each genotype. 
Sections of whole root caps, individual statocytes and details of 
organelles are shown in plates 3.2.1 to 3.2.36 in the following 
pages. The symbols on the electron micrographs are as follows. 
> .......The gravity vector 
I ....... ..... ... .. .Storey I statocyte 
II................. Storey II statocyte 
III. . . ...... . .... . .Storey III statocyte 
IV.. .. . . . . ...... . . .Storey IV statocyte 
V........... ....... Storey V statocyte 
C ......... . . . . . . . ..Cap Meristem 
A . . . . . . . . . . . . . . . . . .Aznyloplast 
V .................. Vacuole 
N ....... . . . . . . . . . . .Nucleus 
ER.... ... . .. . .. . . . .Endoplasmic Reticulum 
DER...... . .. . . ... . .Dilated ER cisternae 
P1. . . . . . . . . . . . . . . . .Plasmodesma 
Mt.... . . ..... . . . . . .Mitochondrion 
DCW... .... . ........Distal cell wall 
Plate 3.2.1 shows a WT root cap which was positioned in the normal, 
vertical orientation before being removed and fixed. The position of 
the calyptrogen, or cap meristem, is clearly seen in the top left of 
the plate, and beneath it there are four of the five storeys of 
statocytes visible, numbered accordingly with Roman numerals. There 
are amyloplasts visible in all four storeys of statocytes, and these 
have sediinented under the influence of gravity to the distal cell 
poles of the I t II and III statocytes, but are centrally positioned 
in the outer storey IV cells. The statocytes contain numerous 
vacuoles which occupy a considerable volume of each cell. The nucleus 
and nucleolus are visible in several of the statocytes as are 
numerous niitichoridrja and abundant ER, the latter of which appears to 
be distributed around the periphery of the cells. The storey IV 
statocytes have a darker cytoplasm than the other storeys and contain 
dilated ER cisternae, a feature previously reported in Arabidopsis 
roots (Olsen, 1982). Plate 3.2.2 shows a storey I cell containing one 
small amyloplast which is centrally located, whereas the amyloplasts 
in storeys II and III shown in plates 3.2.3 and 3.2.4 are closer to 
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Plate 3.2.1. WT root cap showing the calyptrogen and statocytes 
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Plate 3.2.5. WT storey IV statocyte, x8000. 
membranes. An immature amyloplast is indicated in plate 3.2.2. There 
is an abundance of ER in these statocytes, predominantly around their 
peripheries but the amyloplasts do not appear to rest upon a cushion 
of ER as is the case reported in cress roots (Volkmann, 1974; 
Volkmann and Sievers, 1979; Sievers and Hensel, 1982). The 
amyloplasts, some of which have adopted a dumbell shape as reported 
by Mirza (1982), contain numerous starch granules. The storey IV 
statocyte in plate 3.2.5 appears to have a denser, more active 
cytoplasm than the other storeys and the abundance of dilated ER 
cisternae and greatly thickened cell walls suggests that these outer 
cells may also serve a secretory function. If sedimentation of the 
amyloplasts through the cell is required for gravity to be perceived, 
then the central positioning of the amyloplasts of the storey IV 
statocytes implies that they have limited mobility which would have 
consequences for their participation in the perception process. 
A root cap of the agr-T mutant is shown in plate 3.2.6. The 
features visible in this mutant are very similar to those of the WT 
section, with four out of five storeys of the statocytes shown. The 
storey V cell, was also missing from this section. Individual ar-1 
statocytes are shown in plates 3.2.7 to 3.2.10. In common with the WT 
specimen, the storey I statocytes have few, relatively small 
amyloplasts and these are larger and more distally located in storeys 
II and III, and are not in contact with the plasma membrane. The 
degree of vacuolation of the cells correspondingly increases from I 
through to III. Like WT, the ER is distributed "round the periphery 
of the cell and not concentrated at the distal poles. The storey IV 
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Plate 3.2.10. agr-1 storey IV statocyte, x8000. 
dense, active cytoplasm although with fewer dilated ER cisternae than 
the WT section shown. 
An agr-2 root cap is shown in plate 3.2.11. The difference in 
cytoplasmic density between the I, II and III cells and the storey IV 
cells is exceptionally clear in this section, and the visible 
features are again very similar to those of WT. This particular 
section may be in a greater state of maturity than the others thus 
far examined as the storey I cells have better developed amyloplasts, 
and it could be argued that there are in fact five storeys of 
functional statocytes. The cells directly above the storey I 
statocytes contain plastids that are characteristically dumbell 
shaped and which contain little starch, and these cells together with 
the storey I cells proper may be the recent division products of the 
original storey I statocytes. The storey II and III statocytes shown 
in plates 3.2.13 and 3.2.14 have content and positioning of 
organelles broadly similar to those of WT. The storey IV statocyte in 
plate 3.2.15 has a dense vacuolated cytoplasm like the WT but appears 
to have fewer dilated ER cisternae than the WT example. Plate 3.2.16 
shows a detail from a statocyte which demonstrates that although the 
amyloplasts and distal cell walls may be in very close proximity, 
they are not in contact with each other. 
Plate 3.2.17 shows a root cap of the mutant agr-3. In this section, 
in common with WT, the storey II and III amyloplasts are located at 
the distal cell poles but not in contact with the plasma membrane, 
and the storey IV cells are densely staining, highly vacuolated and 
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Plate 3.2.12. Statocytes from storeys II to IV of the agr-.2 root 
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Plate 3.2.14. agr-2 storey III statocyte, x9700. 
PLATE 3.2.15 
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Plate 3.2.15. agr-2 storey IV statocyte, x700. 
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Plate 3.2.16. Detail from an agr-2 statocyte from storey I, x3000. 
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storey IV statocytes are also located at the distal cell poles. 
Plates 3.2.18 and 3.2.19 show storey II statocytes out from the same 
specimen, in the same plane but at different positions. The dunibell 
shape of the axnyloplasts is particularly clear in the plate 3.2.18 
example, and plate 3.2.19 shows how this particular feature can be 
the cause of misinterpretation of certain images. The right hand cell 
in plate 3.2.9 appears to contain four small ainyloplasts clustered 
together at the left hand side of the cell, whereas the same cell in 
plate 3.2.8 shows that these could in reality belong to one 
irregularly shaped organelle. 
Plate 3.2.20 is a WT root cap inverted for one hour before fixation. 
Rather than being at the distal cell poles the amyloplasts in the 
storey II statocytes are now more centrally situated, and in storey 
III one aznyloplast has sedimented to the proximal cell pole (arrow). 
Another storey II statocyte contains two arnyloplasts that appear to 
be impeded in their movement towards the proximal cell pole by a 
large vacuole. The storey IV cells in the outer layer are plasmolysed 
in this section. Individual statocytes are shown in plates 3.2.21 and 
3.2.22. The amyloplast in plate 3.2.21 is centrally situated in the 
statocyte, showing that in WT not all amyloplasts in all statocytes 
need to move through the length of the cell to elicit a normal 
gravitropic response. The amyloplasts in plate 3.2.22 appear to be 
prevented from sedimentirig towards the proximal cell pole by the 
vacuole, but the greatly enlarged view in plate 3.2.23 shows that 
despite this the amyloplasts and the vacuole are not actually in 
contact with each other. 
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Plate 3.2.18. Storey II statocytes from the section in 













Plate 3.2.19. agr.-3 storey 11 statocytes cut from the same 
specimen as that in plate 3.2.18., x11000. 
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Plate 3.2.2. Storey II statocyte from an inverted WT root, xibbOO. 
Plate 3.2.22. Storey III statocyte from an inverted WT root, 
X11000. 
Plate 3.2.24 shows a root cap of an agr-1 seedling inverted for one 
hour before fixation, and individual statocytes are pictured in 
plates 3.2.25 and 3.2.26. The storey II statocytes contain 
amyloplasts which have sedimented towards the proximal cell poles, 
although plate 3.2.25 shows that they are not in contact with the 
plasma membranes. In the statocyte pictured in plate 3.2.26 the 
aznyloplasts are clearly blocked in their movement by the vacuole and 
in common with WT these organelles are not in contact with each 
other. The other storey III statocyte in this section contains 
amyloplasts which are located at the distal cell pole but which are 
not obviously impeded in their movement by another organelle. The 
storey IV statocytes are densely staining and as plate 3.2.27 shows, 
some of the amyloplasts are located at the proximal cell pole. 
Plate 3.2.28 shows an agr-2 root cap which was inverted for one 
hour before fixation, and individual statocytes are shown in plates 
3.2.29 to 3.2.32. The storey I statocytes in plate 3.2.28 contain 
small ainyloplasts which have the dumbell shape previously noted in 
these cells and their distribution in the cells appears to be random. 
The storey II statocyte and the storey II statocyte in plate 3.2.30 
demonstrate sedimentation of the amyloplasts towards the proximal 
cell walls. The statocytes in storey III have only one amyloplast 
which has moved towards the proximal end of the cell, and those which 
have not moved in this way have vacuoles in their paths. Plate 3.2.31 
shows a storey III statocyte in which one large amyloplast is 
centrally located and there are no obvious organelles obstructing its 
movement. The storey IV statocyte in plate 3.2.32 shows the densely 
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Plate 3.2.24. Root cap of an agr-1 seedling inverted for one 
hour prior to fixation, x3200. 
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Plate Storey iV statocyte iron an inverteu ar-1 
root, x1330. 
Plate 3.2.28. Root cap from an agr-2 seedling inverted one hour 







































Plate 3.2.32. Storey IV statocyte from an inverted agr-2 root, x12000. 
dilated ER cisternae that also appear to be characteristic of 
this cell layer. One large amyloplast is located at the distal cell 
pole, at the opposite end of the cell from that expected if the 
amyloplasts have unrestricted mobility in the cytoplasm. 
Plate 3.2.33 shows a root cap of the agr-3 mutant inverted for an 
hour before fixation. The amyloplasts in the storey II statocytes 
have sedimented in one cell but not in the other, for no obvious 
reason, and plate 3.2.34 shows a storey II statocyte from another 
section in which the amyloplasts have sediinented as far as is 
possible given the arrangement of the other organelles. The storey II 
statocyte in plate 3.2.35 shows amyloplasts that are unimpeded in 
their movement and which have sedimented towards the proximal cell 
pole, but as with the other genotypes, they have not made contact 
with the plasma membrane. Plate 3.2.36 shows a storey III statocyte 
in which sedimentation of the amyloplasts to the proximal cell pole 
was prevented by the vacuole. 
The following conclusions can be drawn from this electron microscopy 
study: 
Comparing WT and the three agr mutants, there were no obvious 
differences in general root cap structure or statocyte arrangement 
and morphology. Examination of the statocyte ultrastructure revealed 
no striking differences in the type of organelles found, or in their 
distribution inside the cells. The axnyloplasts of the mutants 
appeared to be normal in structure not intimately associated with any 
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Plate 3.2.3. Root cdp ox an agr-3 mutant seedlin6 inverLeu Aur one 
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Plate 3.2.3b. Storey III statocyte from an inverted agr-3 root, x6000 
periphery of the cells and not concentrated at the distal cell poles. 
Sedimentation of the ainyloplasts in the statocytes appeared to be 
normal in the mutants; after one hour in the inverted orientation 
some amyloplasts had visibly moved in response to gravity in WT and 
all three of the agr mutants. In those cells where the amyloplasts 
had not visibly moved there was usually a clear reason for their 
failure to do so, generally physical obstruction by other organelles, -
and WT is included in those sections where there was no such obvious 
reason. 
Concerning the structure of the Arabidopsis root cap, the findings 
of this study do not agree in all respects with those of Olsen (1982) 
in that the five storey arrangement was found in only one section, 
and it was usual to find four layers of amyloplast containing cells 
at the root apex instead. These results, and the implications of the 
root cap structure for perception are discussed in chapter 4. 
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3.3. Root Growth in Relation to 2, 14-Dichlorophenoxy acetic acid. 
A feature of two previously characterised agravitropic mutants, aux-1 
and Dwf, is their resistance to the herbicidal effects of 2 9 -D 
(Maher, 1977; Maher and Martindale, 197891980; Martindale, 1982; 
Martindale and Maher, 1980,1981; Mirza, 1982; Mirza and Maher, 
1980,1981.) These two mutants each have agravitropic roots and 
resistance to 2,4_D as plelotropic effects of the same mutation and 
it appears that the two traits are closely related. This series of 
experiments was undertaken to investigate the agr set of mutants in 
respect of their sensitivity to 2,4-D to determine whether their 
modified gravitropisnis are also accompanied by altered responses to 
2,-D, mirroring the situation in aux-1 and Dwf, or whether their 
2, 14-D responses are normal, which would be the first instance of an 
agravitropic mutant of Arabidopsis with a normal 2,-D response. 
The sensitivity of a seedling sample to 2,4-D is expressed as the 
mean root length of the seedlings grown in the presence of the 
herbicide as a percentage of the mean length of the controls which 
are grown in its absence. Individual root lengths may also be 
expressed as percentages of the control mean but collectively their 
value is limited as such percentages do not conform to the Normal 
distribution and hence no statistical analysis can be performed on 
them. These percentage values can be transformed into a Normal 
distribution using the arcsine transformation, by expressing each as 
a proportion of the control mean, taking its square root and 
calculating the arcsine (sine 1 ) of each one. The resultant 
values are in degrees of arc: 
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Angle = Arcsine x (proportion of control mean) 
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3.3.1. Dose Response Tests. 
Seeds of WT and the agr mutants were sown using the suction needle 
method described in section 2.3 onto the surface of freshly prepared 
agar with or without 2, 1 -D in 90 mm petri dishes. The 2,4-D was added 
to the agar over a range of concentrations depending on the individual 
experiments. The culture plates were given the standard cold 
treatment (SCT) of four days in total darkness at 4C before being 
transferred to the growth cabinet in continuous illumination for 88 
hours. At the end of this period of incubation the seedling roots 
were measured under a binocular microscope using an eyepiece 
graticule as described in section 2.6.4. WT and each mutant were 
tested on the same petri dishes using two plates at each 
concentration of 2,4-D and except where stated otherwise the mean 
root lengths are derived from the seedlings on both plates. Both the 
raw and transformed data are plotted as root length (in mm or angle) 
against the concentration of 2 9 4-D and the degree of inhibition of 
growth estimated using the ED 50' which is the concentration that 
causes 50 inhibition. The classic shape of a dose response curve is 
sigmoid, see for example Maher and Martindale (1980), the relative 
root length being reduced from 100% to a value dependent upon the 
highest concentration used,.generally less than 10. A well 
characterised feature of dose response tests with Arabidopsis is 
stimulation of root growth at low concentrations of 2,4-D (viz. 10 
and 10_8  M) but this is a highly variable trait, perhaps due 
to variability in concentrations at these very high dilutions and 
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this is discussed in relation to the results in a later section. 
Using the transformed data the ED 50is the concentration giving 
a value of 45 degrees on the Y-axis. 
3.3.2. Dose Response of agr-1. 
The M agr-1 generation was tested alongside WT and the aux-1 
mutant on the following molarities of 2 1 14-D: 0 9 10, 10_8 , 
10, 10 6 and 	Seven seeds of each of these genotypes 
were sown onto the petri dishes in a single horizontal line along the 
centre of each and then given the treatment described above in 
section 3.3. The results for both raw and transformed data are shown 
in figure 3.3.1. The mutant aux-i figure shows its now well 
characterised trait of increased resistance to the effects of 2,-D, 
with a curve displaced well to the right of the WT, but the WT and 
agr-T inhibition curves are virtually identical. This is the first 
case of an Arabidopsis mutant with an altered gravitropic response 
that is not accompanied by increased resistance to the effects of 
2,4-D. The mutant aux-1 showed a stimulation of growth at the lower 
concentrations of 2,-D. The ED 
50 values are shown in table 
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Figure 3.3.1. Dose Responses of' WT, aux-1 and agr-1 on 2,4-D. A: Mean root 
lengths ± standard errors. B: Data af'Ier the arcsine transl'ormal'ion. Mean 
angles ± standard errors. 
Table 3.3.1. ED50s and control mean values for WT, aux-1 and agr-1. 
WT 	aux-1 	agr-1 
Control mean (mm) 8.15 	7.98 	8.15 
ED 
50 (nM) 	60 	1550 	57 
ED50/ED50 (WT) 	1 	27.2 	0.95 
The ED 
50 values for WT and agr-1 are similar at 60 and 57 nM 
whilst the aux-t value, at 1550 nM is 27.2 times that of the WT. 
3.3.3. Dose Responses of agr-2 and agr-3. 
In the light of the results of the complementation test (section 
3.1.2) some doubt arose regarding the gravitropic nature of certain 
of the mutants under study. Mutant 857 (agr-2) and mutant 858 (agr-3) 
appeared to have a slight reaction to gravity after 24 hours at 
90 degrees to the vertical in the dark. Because of the established 
links between auxin resistance and altered gravitropism in the 
mutants aux-1 and Dwf, it was decided to test these suspect lines 
for their reaction to 2,-D and to investigate their responses to 
gravity in detail. This was done to determine whether a further 
relationship between the magnitude of the alteration in 
-J 
responsiveness to gravity and degree of 2,4-D resistance was 
discnernible, which could be interpreted to indicate a causal 
1 ZJ 
relationship between the two traits. These 'suspect' mutant lines 
were tested over the same range of 2,4D concentrations under 
identical conditions to the previous test in section 3.3.2, but on 
this occasion the seeds were sown at 20 per plate, 10 of WT and 10 of 
mutant, hence the different mutants were on different plates. The 
results are shown in figure 3.3.2. WT appeared to be slightly 
stimulated by 10-9 M 2,4_D, a feature which was also found in the 
previous test, and a trait which is frequently found in dose response 
tests of Arabidoposis roots. At concentrations above 10_8 M all 
genotypes appeared to behave in the same way with the exception of 
agr-3 which at 10 -7 M had a considerably greater level of 
inhibition than the others. This is more obvious in the untransformed 
data (figure 3.3.i.a) where it can be seen that between 10-8 and 
M the agr-3 roots were reduced in length by 82% in 
comparison .to 346 for WT. The ED 
50 values also indicatG greater 
sensitivity of agr-2 to the effects of the 2,4-D and these are shown 
in table 3.3.2. along with the control mean lengths. 
Table 3.3.2. ED50s and control mean lengths for agr-2 and agr..3. 
WT agr-2 agr-3 
Control mean (mm) 7.19 7.34 9.26 
ED 50 (nM) 105 75 40 
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Figure 3.3.2. Dose responses of' WI, a9r-2 and agr-3 on 2,4-ft. A: Mean root  
lengths ± standard errors. B: Data af'Ier the arcsine transf'ormahon. Mean 
angles ± standard errors. 
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3.3.. Dose Responses of agr-2 and agr-3. 
In the light of the results from the previous test it was decided to 
examine the dose responses of the mutants agr-2 and agr-3 over a 
more restricted range of concet)ations from 6.25 to 200 nM in the 
steepest part of the inhibition curve. This was done in order to see 
whether amplifying the curve around the ED 
50 would clarify the 
difference between WT and agr-3 9 and to see if the slight 
difference between the WT and agr-2 ED 50sfound in the previous 
test was a repeatable result. Petri dishes containing agar 
supplemented with the following riM concentrations of 2 9 4-D were 
prepared: 0, 6.25, 12.5, 25, 50 9 100 and 200, and these were sown 
with seven seeds each of WT, aux-1 and agr-2, or; WT, aux-1 
and agr-3, in a single horizontal line along the centre of each petri 
dish. The petri dishes then received the same treatment as those in 
the previous test, consisting of the standard cold treatment and 88 
hours of continuous illumination in the growth cabinet. The roots 
were measured as previously described and the dose response curves 
are shown in figures 3.3.3. and 3.3.L, constructed on log  
scales. 
The mutant agr-2 appeared in this case to be more sensitive than WT 
at 6.25 12.5 and 25 riM 2,-D, whilst agr-3 was more resistant at 
these concentrations and more sensitive than WT at 50, 100 and 200 
M. The dose response curve of agr-3 in fact crosses that of WT, a 
feature which was found in the previous test (section 3.3.3. 
figure 3.3.1.a). The ED 
50 values derived from figures 3.3.2. and 
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Figure 3.3.3. Dose Responses oF WI, agr-2 and aux-1 on 2,4-0. A: Mean root  
lengths ± standard errors. B: Data aF'Ier the arcsine transF'ormaion. Mean 






































6.25 	12.5 	25 	50 	100 	200 	 6.25 	12.5 	25 	50 	100 	200 
2,4-D CONC. (nM) LOG 2 SCALE 2,4-D CONC. (M) LOG 2 SCALE 
Figure 3.3.4. Dose Responses of' WT, agr-3 and aux-1 on 2,4-0. A: Mean root 
lengths ± standard errors. B: Data aF'1er the arcsine transFormaHon. Mean 
angles ± standard errors. 
The aux- 1 dose response curves show the expected increase in resistance 
over WT, but over the range of concentrations tested there was 
insufficient inhibition to estimate their ED 50s' 
Table 3.3.3. ED 50s and control mean values for WT, agr-2 and 
agr-3. WT ED 
50sare taken from the relevant figures: 3.3.3. for 
agr-2 and 3.3.14. for agr-3. 
agr-2 	WT 	agr-3 	WT 
Control mean (mm) 	7.89 	7.39 	7.94 	7.91 
ED 50 (MM) 63 714 143 79 
ED50 /ED 50 (WT) 0.85 1 0.61 1 
The ED 
50 values for WT from both experiments were similar at 714 
and 79 riM, but lower than the value of 105 riM found in the previous 
test. The EDD 50 for agr-2 was 63 riM compared to 75 riM in the 
previous section, and for agr-3 the ED 50was 48 riM compared to 
the earlier result of 40 nM. Thus row two of table 3.3.3 suggests 
that both agr-2 and agr-3 have increased sensitivity to the 
effects of 2 9 4-D with ED 
50 values of 0.85 and 0.61 times the 
corresponding WT value. These results confirm the findings of section 
3.3.3., even though the degrees of alteration of sensitivity in the 
mutants appear not to be in close agreement between experiments, and 
there are two possible reasons for this variation: 
(i) The 2,14-D stock solutions were made up in distilled water by 
serial ten-fold dilutions of an original 0.01 M stock, a method by 
I AV 
Which conceivably the dilution errors could compound each other 
resulting in considerable variation in the final concentrations of 
the higher dilutions. The ED 50is interpolated from the steepest 
part of the curve, and as such a slight error either way in the 
concentration of the inhibitor will cause a correspondingly more 
severe error in the estimation of the ED 50- 
(ii) The construction of the dose response tests were carried out by 
joining together points on what were in reality smooth curves, a 
procedure which may mean that the ED 
5U interpolated from the 
straight lines were not the true ED 50Son the curves. In choosing 
different point spacings in different tests the interpolated ED 50S
may differ slightly even if the true curves were the same. 
3.3.5 Dose Responses of two generations of agr-3. 
In view of the findings of the preceding sections 3.3.3 and 3.3.4 it 
was decided to study the increased sensitivity of the mutant agr-3 
over a still more restricted range of concentrations of 2,4-D, and 
also to test two successive generations, the M 3 and M4 , to 
confirm that the trait is a stable feature of the genotype and not 
just a peculiarity of one seed stock. Petri dishes containing agar 
supplemented with the following nM concentrations of 2,4-D were 
prepared: zero (control), 25, 37.5, 50, 75, 100 9 150 and 200, and 
these were sown with seven seeds each of WT and either the M 3 or 
M4  generations of agr-3 in a horizontal line along the centre 
of each. These culture plates received the standard cold treatment 
after which they were given 88 hours of Continuous illumination in 
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the growth cabinet. The roots were then measured under a binocular 
microscope as described in section 2.6.. The results are shown in 
figures 3.3.5 and 3.3.6 and they confirm the findings of the 
previous section, verifying also that the M generation had 
increased sensitivity to the effects of 2,4-D. The dose responses of 
the transformed data show the agr-3 curves to be below those of 
the WT; at all points the inhibition of the mutant roots was greater 
than that of WT, and where these differences were significant they 
are marked with asterisks indicating the significance level. The 
control mean root lengths and the ED 
50 values are shown in table 
3.3.4. 
Table 3.3.4. Control root lengths and ED 
50s of two generations of 
agr-3 with the corresponding WT values. 
agr-3 (N3 ) 	WT 	agr-3 (Ma ) 	WT 
Control mean (mm) 	7.89 	6.77 	8.49 	8.16 
ED 
50 (nM) 	 57 	91 	51 	92 
ED50 /ED 50 (WT) 	0.63 	1 	0.51 	1 
The ED50s for WT are in close agreement at 91 and 92 riM, and 
are within the range of the WT ED 50s found in the previous dose 
response tests. Both The N 3 and M generations or agr-3 
showed considerably increased sensitivity to 2, 14-D with ED50s of 
57 and 51 riM respectively, which indicate inreases in sensitivity of 
approximately 2-fold and 1.6-fold. The statistical comparison of 
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pairs of genotypes at each concentration of 2,-D is shown in table 3.3.5. 
FIGURE 3.3.5. 
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Figure 3.3.5. Dose Responses of' WT and agr-3(M 3 genera t- ion) on 2,4-D 
A: Mean root- lengths ± standard errors. B: TransFormed data. Mean angles 
± standard errors. In B, signiFicant- diFFerences between He two genotypes 
at each concentration are indicated by He appropriate number of' asterisks. 
= signiFicant- at He 0.001 level) 
FIGURE 3.3.6 
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Figure 3.3.6. Dose responses of' WT and agr-3(M 4 genera t- ion) on 2,4-0 
A: Mean root- lengths ± standard errors. B: TransFormed data. Mean angles 
± standard errors. In B, signiF'icant- diFf'erences between genotypes at each 
concentration are marked with the appropriate number of' asterisks. 
= signiFicant- at the 0.001 level) 
Table 3.3.5. Statistical comparison of WT with the agr-3 M 3 
and M generations. 
[2,4-D] nM 	Comparing 	t 	d.f. 	Significance level 
200 WT, H3 7.96 23 0.001 
200 WT, M 7.85 24 0.001 
150 WT, H3 14.40 2b 0.001 
150 WT, M 13.58 25 0.001 
100 WT, M 9.65 24 0.001 
100 WT, M 12.53 25 0.001 
75 WT, H3 5.92 26 0.001 
75 WT, M4 15.07 25 0.001 
50 WT, H3 5.46 24 0.001 
50 WT, M .04 21 0.001 
37.5 WT, H3 5.16 24 0.001 
37.5 WT, M4 1.48 26 
25 WT, M3 3.36 25 0.001 
25 WT, M4 1.85 22 
Table 3.3.5 shows that the increased inhibition of the agr-3 roots 
was significantly different from WT at 7 out of 7 concentrations for 
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the M3 generation and 5 out of 7 concentrations for the M#. 
These differences are significant at the 0.001 level. 
3.3.6. Inhibition of root growth at one concentration of 2,4_D: a 
comparison of WT, agr-1 and the M3 and M 1 , generations of agr-.2 
and agr-3. 
The dose response tests described in sections 3.3.1 to 3.3.5 in the 
preceding pages indicate that the different agr mutants, although 
allelic with each other, have different sensitivities to the 
herbicidal effects of 2,-D. The aim of this experiment was to 
compare WT with the three agr mutants, by inhibiting root growth of 
the seedlings with only one concentration of 2,-D, and to make a 
statistical comparison of the results to establish whether different 
genotypes show significantly different degrees of inhibition of root 
growth. 75 nM was the concentration chosen, being close to the ED 50
of the WT found in section 3.3.4 and in the steepest portion of 
the dose response curves of all genotypes to be tested. Seeds of each 
of the genotypes: WT, agr-t, agr-2 and agr-3 were sown onto 
agar plates containing zero or 75 nM 2,4-D at a density of 21 seeds 
per petri dish, each petri dish having only one genotype. In the 
cases of agr-2 and agr-3 both the M and the 
generations were tested, using two different seed stocks of the 
designated M/1 and Mk/2.  All culture plates received 
the standard cold treatment of four days at 4C in total darkness but 
the period in the growth cabinet differed for each plate in an effort 
to standardise the control root lengths at the end of the incubation 
period. In the dose response tests leading up to this experiment the 
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mean root lengths of the controls were found to differ between 
genotypes (see for example Table 3.3.2). The results of the 
germination times experiment (section 3.1.5) showed that clear and 
significant differences between genotypes and between different seed 
samples within genotypes occured in the time the seeds took to 
germinate after the onset of incubation. In an attempt to have all of 
the seedlings at approximately the same physiological age at the end 
of the period of incubation the petri dishes were placed in the 
growth cabinet at staggered intervals. Table 3.3.6 shows the mean 
germination times of the seed samples used, and taking WT as zero 
time, the time before (—) or after (.) the WT plate that each mutant 
plate was placed in the growth cabinet (row three of table 3.3.6). 
Table 3.3.6. Germination times of WT and agr mutants. Data drawn 
from section 3.1.3. 
Genotype 	WT ägr-1 	agr-2(M3 ) agr-2(M) 	agr-3(M3 ) 	agr-3(M) 
Germination 	22.57 19.03 	21.09 	25.59 	25.59 	17.48 
Time (h) 
Difference 	0 	+3.54 	+1.48 	-3.02 	-3.02 	+5.09 
From WT (h) 
Actual 
Difference 	0 	+3.5 	+1.5 	-3.0 	-3.0 	+5.0 
Used (h) 
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(The M/2 seed stocks of agr-2 and agr-3 were not tested for 
germination times, but were treated in this experiment like the 
stocks.) 
At the end of the incubation period the petri dishes were removed 
from the growth cabinet and the roots were measured under the 
binocular microscope as previously described. The mean lengths of the 
control roots are shown graphically in figure 3.3.7. There was 
considerable variation in the mean length of the control roots, but 
there was no obvious trend for either agr-..2 or agr-3. The 
individual root lengths from the 75 nM treatment were expressed as 
proportions of the control means and these proportional values were 
transformed to angles with the arcsine transformation as described in 
section 3.3.1. The results are shown in figure 3.3.8. The roots of 
the three agr-.3 representatives were clearly inhibited to a greater 
degree than those of the 'IT. None of the other genotypes showed a 
clear difference from WT, with the possible exception of Mk/ 2 of 
agr-2. Analysis of variance was carried out on the transformed 
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Lengths oF WT, agr-1, agr-2 and agr-3 
control roots aF'ler 72 hours of' incubaTion 
+ standard errors. 
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Table 3.3.7. Analysis of variance on the transformed data from figure 
3.3.8. 
Source 	Sum of Squares 	d.f. Mean Square 	F 
Between 	1 267.9 14 	 6 	2107.99 	42.51 
genotypes 
Within 	 7289.05 	 147 	9.58 
genotypes 
The 0.01 significance level point for the distribution of F with 
6x150 degrees of freedom is 2.92, far exceeded by the value of 42.51 
found here, showing that the differences in inhibition of root 
length by 2, 1$-D are highly significant. To assess which of the 
genotypes were in fact significantly different from the WT the 
results were each in turn compared to WT by the t-test. The results 




















WT agr-1 M3 M4 M4 M3 M4 M4 
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Inhibition of' root growth of' WT, agr-1, 
agr-2 and agr-3 on 75nM 2,4-D. Root  
lengiThs Irnansf'ormed using He arcsine 
fransf'ormaHon. 45 degrees = 5O7.inhibHon. 
Table 3.3.8. Statistical comparison of pairs of genotypes drawn from 
figure 3.3.8; Inhibition of root growth on 75 nM 2,4-D. 
Comparing 	 d.f. 	t 	Significance level 
WI', agr-T 35 0.88 
WI', agr-2(M 3 ) 36 0.74 
WI', agr-2(M4/) 34 1.72 
WT, agr-2(M2412) 35 2.24 	 0.05 
WI', agr-3(M3 ) 34 7.61 	 0.001 
WT, agr-3(M 4/1) 35 15.5 	 0.001 
WT, agr-3(M4/2) 324 5.82 	 0.001 
These results show that in all three samples of agr-3 tested, the 
roots showed significantly greater inhibition than WI' at the same 
concentration of 2, 14-D, and that these differences were significant 
at the 0.001 level. In one other case, that of agr-2(M412) 
there was a greater inhibition of growth than in WI', significant at 
the 0.05 level. This trait, however, was not apparent in either of 
the other agr-2 stocks tested. 
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3.4. Gravitropic Curvature and Growth. 
3.4.1. General. 
The screening procedure initially used to test for root gravitropism 
was examination of the roots for the presence or absence of a 
distinctive downward curvature 24 hours after being placed horizontal 
in the dark (section 2.7.1). Using this method, analysis of the 
progenies of the crosses in the complementation test gave rise to the 
suspicion that some of the mutants had neither a normal response like 
the WT, nor a total lack of response, but an intermediate reaction to 
gravity resulting in a slight but obvious downward bending of the 
root tip. While this method clearly distinguishes between gravitropic 
and agravitropic roots, it is unable to quantify the magnitude of 
intermediate responses, and in order to to investigate and 
characterize these mutants with partial responses to gravity, the 
methods described in section 2.7 were devised, the results of which 
are presented below. 
3.14.2. Root Emergence Angles. 
This experiment was intended to investigate further the observation 
made in the complementation test, that agr-2 and agr-3 appeared 
to have predominantly downward pointing roots when left undisturbed, 
yet when tested for a response to gravity showed little or no 
curvature. This test was devised to reproduce this downward pointing 
behaviour under controlled conditions, and it was thought that the 
weaker responses to gravity of agr-2 and agr-3 might be reflected 
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in a greater spread in the distribution of the root angles after 
undisturbed germination with no experimental manipulation. Seeds of 
WT and the three agr mutants were sown in random orientations using 
the method described previously, onto the surface of freshly prepared 
agar in 90 mm petri dishes, and after the standard cold treatment the 
seeds were germinated in the dark or the light. The angles of the 
root tips made with the vertical were measured and the distributions 
of the root angles plotted around circular histograms. Presenting the 
results as circular histograms shows a direct relationship between 
the position of the histogram classes and the actual direction in 
which the roots were pointing. 
The long arrow on each of the diagrams represents the direction of 
the force of gravity and 180 degrees therefore represents roots that 
were pointing directly downwards. The mean values are marked with short 
arrows. Figure 3.4.1 shows the distributions of root angles after 
germination and undisturbed growth in the dark, and plates 3.14.1 to 
3.4.4 show the seedlings from which the measurements were made. The 
WT roots (figure 3.4.1.(a)) were clearly strongly gravitropic, with a 
majority of the seedlings in the 170-190 class and a mean root 
angle of 181.8 0 . In marked contrast to WT was agr-1, which is 
depicted in figure 3. 14.1.(b). The root angles appear to be 
distributed at random, independently of the influence of gravity. If 
the distribution was random, an equal number of roots would be 
expected in the 270-90 0  sector as in the 90-270 sector. 
With the null hypothesis that there is no significant difference in 
the number of seedlings in each sector, X 2 11 0.53 (p0.3). 












Figure 3.4.1. Root angle distributions of WT, agr-1, 
agr-2 and agr-3 after undisturbed germination in the 
dark. The long arrows represent the gravity vector and 
1800 represents roots growing directly downwards. The , 
mean values are marked with short arrows. 	OMR... SQQcLtUj 
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Plate 3.4. 1 . wT seedlins after CD 




Plate 3.+.€. ur- 	eeiins after utu16tuxDeu 
germination in the dark. 10 0 represents roots 
growing directly downwards. 
Plate 	 r- 	2?1flS after unuisturbeu 
germination in the dark. 160 represents roots growing 
directly downwards. 
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Plate 3.4.. agr-3 seeulins after undisturbed 
germination in the dark. 100  represents roots 
growing directly downwards. 
angles between 0360 0 , a mean value of 180 0 would be expected 
and the actual value of 187.4 is in close agreement, further 
supporting the hypothesis that the agr-i roots were agravitropic. 
The great majority of the agr-2 root angles are in the lower half 
(figure 3..1.(c)), the mode being enclosed by two equally sized 
classes, with a mean value of 198.60. This shows that the agr-2 
roots were indeed influenced by gravity, but in comparison to WT the 
spread of values was very much greater. Positively gravitropic roots 
should have a mean of 1800, and the median value of 18 14 is closer 
to the expected figure than the mean. The roots of agr-3 showed a 
similar distribution to those of agr- 2, the majority pointing down 
with a mean of 187, again suggesting positive gravitropism but 
with a greater spread of values than WT. The conclusions from these 
results are clear: the roots of agr-i were agravitropic, with a 
random distribution of root angles, whereas agr-2 and a,r-3 were 
clearly positively gravitropic, although with a much greater spread 
of values than WT which suggests decreased sensitivity to gravity or 
a decreased capacity to respond. 
The germination of the seeds was carried out in the lighted growth 
cabinet to investigate the additional effects of light on the tropic 
responses of the mutants. Previous studies (Mirza, 1987) have shown 
that light induces a clockwise curvature of the roots when the 
direction of the light is perpendicular to the surface of the agar. 
Although these plates were positioned vertically, there was less 
penetration of light through the agar from the rear of the petri 
dishes, with the effect that the mean flux of light was in the 
direction of the side on which the seedlings were growing. The 
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circular histograms of the root angles of seeulings germinatea in the 
light are shown in figure 3.4.2 and the seedlings are pictured in 
plates 3..5 to 3.4.b. WT (figure 3.4.2.(a)) showed a greater spread 
of values than the roots from tne equivalent experiment in the dar<, 
and there was a shift in the mean in a clockwise direction to 
9•90 wnicii was presumably uue to tne influence of lignt. The 
aistrioution of the agr-i roots was no longer random, with 82U of 
the root angles in tne lower half. Using the same null txypotnesis as 
in the dark germination example, X 2 .. 	. (p<O.OU, 
causing rejection of the null hypothesis and snowing clearly that the 
roots of agr-I were negatively pnototropic. The roots of a6r-2 
and agr-3 snowed similar similar spreads of values to the 
equivalent darK emergence experiments, and in both cases tnere was a 
clear shift of the sample in a clockwise direction. The results of 
these emergence experiments are summarised in taole 3.4.. 
Table 3.4.. Root angles of WT and agr mutants germinated and allowed 
to grow undisturbed in the Dark and the Light. 
s.e. 
Wt (dark) 13 11.8 2.2. 
(light) 1b9.9 3.d 
agr-.i 	(dark) 187.4 16.9 
(light) 191.j 14.1 
agr-2 (dark) 198.6 9.12 
(light) 192.1 
agr-3 (dark) 187.0 5.81 











Figure 3.11.2. Root angle distributions of WT, agr-1, 
agr-2 and agr-3 after undisturbed germination in the 
light. The long arrows represent the gravity vector and 
1800 represents roots growing directly downwards. The 
mean values are marked with short arrows. 
Plate 3..5. WT seedlings after undisturbed 
germination in the light. 
Plate 3.4.o. ar- seeUlins after undisturbed 
germination in the light. 
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Plate 3.4.7. agr-L 6eeulings after undisturDed 
germination in the light. 
Plate 3.4.8. agr-3 seedlings after undisturbed 
germination in the light. 
151 
The results summarised in table 3.4.1 are clear. The phenotype of 
agr-1 was confirmed as agravitropic, showing a random distribution 
of root angles when germinated in the dark, in contrast to the 
obvious downward curvature of the WT. The roots of both agr-2 and 
agr-3 were found to be positively gravitropic, but with a greater 
spread of results, seen in figure 3.4.1 and evident from the 
standard errors in the above table. WT had a standard error of 2.2 in 
comparison to the agr-2 and agr-3 values of 9.12 and 5.81, 
demonstrating the larger spread of root angles in the mutants. The 
agr-2 s.e. was greater than that of agr-3 but this may well be 
due to the influence of three seedlings in the upper half of the 
diagram (figure 3.4.1.c), and these also caused the mean to be 
shifted in an clockwise direction. Germination of the seeds in the 
light caused the mean of the WT value to be shifted in a clockwise 
direction which is consistent with previous observations (Mirza, 
1987), and the spread of WT values increased, the s.e. rising from 
2.2 to 3.12. The increased spread of the WT root angles germinated in 
the light was probably due to the antagonistic effects of the 
positive gravitropism and the clockwise curvature of the roots. The 
distribution of root angles of agr-2 and agr-3 seedlings 
germinated in the light also showed the shift in a clockwise 
direction. 
3.4.3. Curvature of WT and the three agr mutant roots stimulated 
at 135 degrees to gravity. 
It has been demonstrated that stimulation of Arabidopsis roots by 
gravity at 135 to the vertical, ie, pointing obliquely upwards, 
induces greater curvature than stimulation at 900 (Olsen, 1982), 
and this experiment made use of this in an effort to characterise 
accurately the differences between genotypes found in the previous 
experiment (section 3.4.2). Seeds of the WT and the three agr 
mutants were sown onto agar in 90 mm petri dishes using the methods 
previously described, and after the standard cold treatment these 
dishes were given 40 hours of continuous illumination in the growth 
cabinet. The roots were straightened and aligned along the vertical 
axes of the petri dishes, and this was followed by an 8 hour recovery 
period before the petri dishes were rotated through 1350,  covered 
with aluminium foil and returned to the growth cabinet for a further 
24 hours. The results are presented as circular histograms in figure 
3.4.3, the lan5 arrow again representing the direction of the force of 
gravity after stimulation, and 315 degrees therefore represents roots 
that have regained the vertical. Plates 3.4.9 to 3. 14.12 show the 
seedlings from which the measurements were made, and the results are 
summarised in table 3.4.2. 
Table 3.4.2. Curvature of WT and agr mutant roots after stimulation at 
135 
0 to gravity. 
s.e. 	0of curvature 
WT 	306.2 	2.2 	126.2 
agr-1 180.5 6.5 0.5 
agr-2 214.8 3.85 34.8 
agr-3(+) 2145.6 7.5 65.6 











Figure 3.4.3. Root angle distributions of WT, agr-1, 
agr-2 and agr- 3 after 24 hours of gravist.imulation at 
135'j to the vertical in the dark. The lonL, arrows 
represent the gravity vector after the comnencement of 
gravistirnulation. 1800 represents roots that showed 
nil response, and 135 of curvature is represented by 




Plate 	 T seeuLin 	arter, 's uour o 
gravistirnulation at 135 to the vertical. Arrow 
represents the gravity vector after commencement of 
stimulation. 
gravitiauiatioriat 	to ti'e vertical. riow 
represents the gravity vector after the commencement 
of stimulation. 
Plate 3.14.11.  agr-2 seedlings after 24 hours of 
gravistimulatiori at 135 to the vertical. Arrow 
represents the gravity vector after the commencement 
of stimulation. 
Plate 3.14.12. agr-3 seedlings after 214 hours of 
gravistirnulation at 135 to the vertical. Arrow 
represents the gravity vector after the commencement 
of stimulation. 
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These results show clear differences between genotypes in the 
magnitude of curvature after the 24 hour period of stimulation at 
135 to gravity. The WT roots showed a mean of 126 degrees of 
curvature, many of the roots regaining the vertical and actually 
overshooting, and they showed a tight distribution with a standard 
error of just 2.20. This contrasts sharply with the agr-1 roots 
which showed virtually no curvature, having a mean root angle of 
180.50, and the standard error of 6.50 shows a greater spread 
of values than WT. The result for agr-2 confirms that this mutant 
had positively gravitropic roots, but less so than WT, achieving a 
mean root angle of 34.80 of curvature by the end of the 
stimulation period. The curvature of the agr-3 roots in response to 
stimulation at 1350 to gravity was remarkable, with the sample of 
roots being equally divided into two, half of the roots being 
positively gravitropic and the other half showing a negative 
response. The negative curvature, at _116.60, was of greater 
magnitude than the positive curvature which had a mean value of 
65.60 . The distribution of root angles as assessed by the 
standard error was greater for each of the mutants than the WT. 
In order to assess the significance of the differences in the 
distributions of the root angles of different agr mutants, the root 
angles of pairs of genotypes were compared using the t-test, and the 
results of this statistical comparison are presented in table 3..3. 
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Table 3..3. Statistical comparison of the root angles of agr-1, 
agr-2 and agr-3 after 24 hours stimulation at 135 to gravity. 
Comparing 	t 	d.f. 	significance 
agr-1, agr-2 6.15 53 	0.001 
agr-1, agr-3(+) 8.1O 39 	0.001 
agr-1, agr-3(-) 14.65 39 	0.001 
agr-2, agr-3(+) 3.60 40 	0.001 
These results clearly show that the differences between genotypes in 
the mean root angles were highly significant, and to determine 
whether these differences were also stable phenotypic traits this 
experiment was repeated with the same genotypes, using two seed 
samples from the M generations of agr-2 and agr.-3 in 
addition to the M3 sample used in the previous experiment. The 
results are presented in figure 	1T and agr-1 conformed to 
the results of the previous experiment, and showed the 
repeatibility of the strong positive curvature and absence of 
curvature respectively. The roots of agr-2(M3 generation) 
showed a mean curvature of 25.1 degrees, smaller than the previous 
result but still in a positive direction, and this trait appears to 
be inherited as both the agr-2 samples from the M generation 
also showed positive curvatures, of 15.50  and  22.60.  The 
roots of agr-3(M3 generation) reproduced the dual response 
found in the previous experiment, but on this occasion only 23% of 
the roots were negatively gravitropic. The two M generations of 








90, 	180 	 90 
270 0 Y 0  
(c) agr-2(M 3) 
	
(d) agr-3(M 3 ) 
Figure 	Root angle distributions of WT, agr-1 and 
th@ N 3 and M generations of agr-2 and agr-3 
after 24 hours of gravistimulation at 135to the 
vertical in the dark. The long arrows represent the 
gravity vector after the commencement of gravistimulation. 
1800 represents roots that showed nil response, and 
1350 of curvature is represented by 315 g . The mean 
values are marked with short arrows. 
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FIGURE 3.4.4. 




(g) agr-3(M 4 /1) 	 (h) agr-3(M4/2) 
curvatures of 26 and 46" degrees respectively, but they did not 
indicate that the dual response is an inherited trait, as very few 
roots responded in a negative direction. These results are summarised 
in table 3.4.4. 
Whether the agr-3 roots were positively (+) or negatively (-) 
responding was sometimes a subjective decision; taking for example 
the two M samples, the second of the two had three roots 
together pointing in a direction approximately 1800  to the main 
body of the sample, and these were considered to be gravinegative. 
There were two other roots which might be considered to have 
responded negatively but they were part of the main body of the 
sample, and their position may have arisen from variation in the 
straightening procedure, and as such they were included in the 
positive group. The first of the M samples had four roots which 
appeared to have turned in a negative direction, but like the 
previous example two of these were part of the main body of the 
sample, and the other two were considered too few to constitute a 
negatively gravitropic subset. 
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WT 310.2 2.7 
agr-1 178.3 
agr-2(M3 ) 205.1 3.3 
agr-2(M4/1) 195.5 8.6 
agr-2(M4/2) 202.6 5.4 
agr-3(M3 )+ 237.9 6.2 
agr-3(M3 )_ 76.7 5.5 
agr-3(M4/1)+ 206 6.9 
agr-3(M4/1 )- 
agr-3(M4/2)+ 226 6.7 












Table 3.14,4.  Curvature of WT and agr mutant roots stimulated at 
135 to gravity. 
Genotype 	 R 	s.e. 	0of curvature 
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A semi-schematic diagram of how the roots of these genotypes respond 
to gravistimulation at 135 0 to the vertical is shown in figure 
3.14.5, and the results of these experiments which examined the 
gravitropic reaction of WT and agr roots after a fixed period of 24 
hours stimulation can be summarised as follows. 
The roots of agr-1 were agravitropic. 
The roots of agr-2 showed a positive response which was 
reduced in magnitude compared to WT. The final angle achieved after 





WT 	agr-1 	agr-2 	 agr-3 - 
Figure 3.4.5. A semi-schematic representation of 
curvature of WT, agr-T, agr-2 and agr-3 after 24 





128 degrees for WT. 
(iii) The roots of agr-3 showed a dual response to gravity, some of 
the roots responding positively and some negatively. This duality of 
response was not observed in subsequent generations of agr-3, and 
appears to be a variable feature of the genotype. 
Addendum (1) to 3.4.3. Curvature of roots of the F 1 and F .._, generations 
of crosses between the agr mutants with a stimulation angle of 1350. 
To investigate the dominance relationships between the three agr 
phenotypes the same 1350  curvature test as that employed in 
section 3.3.3 was applied to the progenies of crosses made between 
agr-1 and agr-2, and between agr-1 and agr-3. These crosses 
were taken to the F2 generation, samples of which were tested in 
order to see whether segregation of the WT and mutant phenotypes 
could be detected. The similarity between the agr-2 and agr-3 
phenotypes made it unlikely that they could be distinguished using 
this test, so that the dominance relationship betweeen them was not 
investigated. The distribution of root angles of the F 1 and F2 
generations of these crosses 24 hours after the start of stimulation 
at 135 to the vertical are shown in figure 3.4.6. Comparison 
of these with the root angle distributions of the parental genotypes 
can be made by reference to figure 3.4.3. 
Figure 3.4.6.(a) shows the result for agr-1/agr-3. The 
distribution of angles shows a slight positive response to gravity, 




(a) agr-1/agr2 - 	 (b) agr-1-iagr-3 
(c) Progeny, of (a) ' 	 (d) Progeny of (b) 
Figure 3..6. Root angle distributions of the F 1 and 
F2 generations of crosses between agr-1 and agr-2 
and between agr-1 and agr-3 after 214 hours of 
gravistimulatjori at 135' to the vertical in the dark. 
The long arrows represent the gravity vector after the 
commencement of gravistimulation. 1800 represents 
roots that showed nil response, and 1350 of curvature 
is represented by 3150. The mean values are marked 
with short arrows. 
agr-t response which indicated agravitropism. This result suggests 
that the agr-i phenotype is recessive to that of agr-2. The 
result for agr-1/agr-3 is shown in figure 3.4L6.(b), and this 
suggests that the agr-i phenotype is also recessive to the agr-3 
phenotype, the roots demonstrating the same duality of response found 
in the agr-3 homozygote (figure 3.4.3.(d)). The split between the 
positively and negatively gravitropic individuals is less clear than 
in the agr-3 homozygote, but the fact that some of the roots showed 
a positive response is beyond dispute. To show conclusively that the 
agr-i phenotype is recessive to those of agr-2 and agr-3, the 
phenotypes of the parents in the crosses should be recovered from the 
F2  generation in the correct ratio. The distributions of the root 
angles of the F2  generations of these crosses are shown in figure 
3.4.6.(c) and (d). These figures do not show discrete peaks in the 
expected positions on the circular histograms, and this may be due to 
the small differences between the responses of the different agr 
homozygotes and the consequent proximity of the expected peaks. What 
is clear from these figures is the increase in the number of 
seedlings with roots in the 170_1900 class, due presumably to 
agr-liagr-r segregants, and in both cases the mean was 
to the left (clockwise) of 180 0 , and this may be interpreted to 
be due to the influence of the agr-2/agr-2 and agr-3 
/agr-3 segregants respectively. The results of this experiment 
are summarised in table 3.4.5. 
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Table 3.14.5. Curvature of the F 1 and F2 generations of crosses 
between agr-1, agr-2 and agr-3. 
Cross 	Generation 	R 	s.e. 	0 o curvature 
agr-lxagr-2 F 1 197.3 7.53 17.3 
it F2 188.2 2.99 8.2 
agr-lxagr-3 F 1 (+)215.3 3.28 35.3 
(-)112.0 1 14.05 -68.0 
F2 192.14 3.93 12.14 
In the tests attempting to recover the parental phenotypes from the 
F2 generations (figures 3.14.6 (d) and (e)), sixty seeds - samples 
twice the normal size were used. The frequency distributions obtained 
suggest that even with very large samples, segregant peaks would be 
difficult to distinguish, and the results for the F 1 generation 
strongly suggest that the agr-1 phenotype is recessive to the agr-2 
and agr-3 phenotypes. 
Addendum (2) to 3.4.3. Curvature of the F 1 progeny of cross between 
WTxagr-i with a stimulation angle of 135. 
The results of the genetical analysis of indicated that agr.-1 is a 
recessive mutation which is inherited monofactorially. The F 1 
progeny of a cross between WT and the agr-1 homozygote was tested 
in this section for the response to stimulation at 135 to 
gravity, to investigate whether the dominance of the WT phenotype is 
complete, or whether the heterozygote shows an intermediate response. 
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FIGURE 3.4.7. 
Figure 3.11.7. Root angle distributions of the F. 
generation of a cross between agr-1 and WT after 24 
hours of gravistirnulation at 135 to the vertical in 
the dark. The arrow represents the gravit vector after 
the commencement of gravistimulation. 180 represents 
roots that showed nil response, and 1350  of curvature 
is represented by 3150.  The mean value is marked with 
a short arrow. 
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The circular histogram for the agr-1/agr-1 heterozygote 
roots is shown in figure 3.14.7. The mean root angle was 291.3 0 
equal to 111.3 degrees of curvature. This was less than the result 
for WT (figure 3.14.3) of 126.2 degrees of curvature, which indicates 
that the dominance of the WT phenotype may be incomplete. There was, 
however, variability in the curvature achieved by the WT roots in 
similar tests (compare figures 3.. 14.3.a and 3.4.14.a) and it may be 
that if a sufficient number of samples were tested, the 
agr-i'/agr-V result would fall within the range of the WT values. 
3.14.14. Time Course of Growth and Curvature of WT and agr Mutants. 
The preceding sections showed clear differences between WT and the 
three agr mutants in the amount of curvature achieved after fixed 
periods of stimulation by gravity. The reason for these differences 
is not revealed by such experiments, and reduced or absent curvature 
after a fixed period of stimulation could be due to one or a 
combination of causes: 
Reduced rate of curvature. 
Late onset of curvature. 
Reduced rate of root elongation. 
Early cessation of curvature. 
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To determine which of these causes underly the absence of curvature 
in agr-t and the reduced curvature in agr-2 and agr-.3, the 
time course of the development of curvature was examined. To this end 
the time lapse photography apparatus described in section 2.4L3 was 
employed. The apparatus allowed wide choice in the time lapse 
interval and the controls on the growth cabinet allowed the lights to 
be switched off at any point required in the sequence of photographs. 
The major constraint on the system was the capacity of the camera for 
film which limited the number of photographs in any particular 
sequence to 36. A series of four sets of experiments was undertaken 
to examine the following: 
Nastic movements of WT and agr-2 roots growing vertically in 
the dark. 
The growth profiles of roots of the WT and the three agr 
mutants growing vertically in the light. 
The growth profiles of the same genotypes to discover the 
effect of transferring the roots from the light to the dark. 
Time course of gravitropic curvature and growth during curvature 
of WT and the three agr mutants. 
The photography apparatus could accomodate only one petri dish at 
time, and in order to achieve samples of satisfactory size generally 
only one genotype was studied at a time. Since each experiment 
normally included WT and all three agr mutants this meant that the 
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time courses were taken at different times, but they were kept as 
equivalent as possible by commencing the experiments at the same time 
of day. 
3.4L5. Nastic movements of WT and agr-2 roots. 
The results of section 3.4.2 (figure 3.4.1) showed that after 
undisturbed emergence from the seed, under no influence other than 
gravity, the roots of agr-2 and agr-3 had a greater spread of 
root angles as measured by the standard error than the WT. These 
differences could be due to decreased sensitivity of the roots to 
gravity, with the result that they require a greater deviation from 
the vertical than the WT to respond. Alternatively it could be due to 
a reduced capacity to respond. Controversy has surrounded the causes 
of the oscillatory movements of roots, and the debate centres on 
whether such movements are caused by an endogenous rhythm, or whether 
the cause is repeated overshoot of the plumb line during positive 
gravitropism (Ney and Pilet, 1981; Heathcote, 1982). If the cause is 
a gravitropism overshoot mechanism, the greater spread in the 
distribution of the agr-2 and agr-3 root angles in the above 
section could be due to a greater amplitude in the oscillation. This 
might be expected if these mutant roots require a greater angle of 
stimulation in order to respond. The objective of this experiment was 
to examine the root angles of WT and agr-2 during vertical growth 
in the dark to assess the deviation of the root tips from the 
vertical and to study the pattern of movement of individual roots. 
Seeds of WT and agr-2 were sown onto the surface of freshly 
prepared agar in 90 mm petri dishes as previously described, in 
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horizontal lines with 5 mm spacing and after the standard cold 
treatment, were given 72 h continous light in the growth cabinet. At 
the end of this period the roots were straightened and aligned along 
the vertical axis with a blunt mounted needle, returned to the 
darkened growth cabinet and photographed every 15 minutes. The root 
angles were measured from the photographs and the results are 
presented in figure 3.4.8. The means and standard errors are plotted to 
show the movement of the samples as a whole. The plots of each 
individual root are shown in appendix i. The WT mean deviated up to 
2.10 from the vertical and the agr-2 mean deviated a maximum of 
4.2° . 
The amount of variation in root angles appears not to differ between 
WT and agr-2 ; the standard error bars vary greatly in size, 
ranging from 0.53 ° to 7.010 for agr-2 and from 1.4 ° to 
for WT. The plots for the individual roots, however, show a 
distinct difference between WT and mutant. Unlike the WT, half of the 
agr-2 roots (specimens 2, 3, 5, 9, ii, 	) appeared to show an 
oscillatory rhythm, although not always of regular frequency or 
amplitude. In those seedlings where the pattern was fairly uniform 
the mean frequency was 4o minutes with a mean amplitude of 
approximately 5 ° . In the case of WT, individual roots deviated up 
to 9.50  from the vertical, but they showed no regular oscillatory 
motion like the agr-2 roots. In the few WT roots which had a 
semblance of nutational movement, for example specimen 2 between 1.5 
and 4 h, or specimen 8 between 4 and 6 h, both the frequency and 
amplitude were less than those of agr-2 with means of 36 minutes 
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Figure 3.4.8. NuIaHonal movemenls of' WT and agr-2 roofs growing 
verically in the dark. Mean deviations From the verHcal 
± standard errors. Deviaions 10 the right of' He plumb line 
are posiive. 
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3.4.6. Growth Rates of WT and the three agr Mutants growing 
vertically in the light. 
This experiment was devised to examine the growth of. the WT and agr 
mutants roots while growing undisturbed in the light to simulate 
their growth before straightening and stimulation by gravity. The 
objective was to determine if the growth rates of the genotypes 
differed before stimulation by gravity as this might be the cause of 
differing growth rates during gravicurvature. It was also intended to 
see if there were periods of equivalent growth rates in all of the 
genotypes which could be used as the starting point for a comparison 
of curvatures in the absence of such differences. Seeds of WT and the 
three agr mutants were sown onto agar in 90 mm petri dishes in two 
horizontal rows with 5 mm horizontal and 25 mm vertical spacing. WT 
and agr-1 were tested on one petri dish and agr-2 and agr-3 on 
a second, in the pattern shown below. 
WT or agr-2 agr-1oragr-3 
I 
WTor agr-2 agr-1 or agr-3  
. S • S • 	 S 5 • • S S 
174 
The petri dishes received the standard cold treatment and were then 
transferred to continuous illumination in the growth cabinet where 
they were photographed every 6 hours up to 78 hours. In this case no 
root angles were required and the negatives were projected directly 
on to A4 paper and the roots were traced with a pencil, the lengths 
being measured on the Apple lie graphics tablet. The results are 
shown in figure 3.14.9. It is clear from this figure that there are 
portions of each curve that appear to be linear and which have 
similar slopes to each other, and therefore similar rates of growth. 
The differences in growth rate during curvature between WT and agr-2 
are not therefore due to differences in growth rate before the roots 
were stimulated by gravity. The portions of the curves with 
apparently equivalent growth rates are: WT: 36-60 h; agr-T: 36-60 
h; agr-2: 1 266 h; agr-.3: 148-72 h. Regression analysis was 
carried out on these portions of the growth profiles using the 
Genstat-V statistics package. Analysis of variance showed no 
significant difference between the rates of growth or the intercepts 
of the projected regression lines on the horizontal axis. The 
conclusion from this result is clear; there were periods of equal 
growth rate in all of the genotypes of interest, and if they are to 
have equal rates of growth at the commencement of gravistimulation 
then they should be presented to gravity during the above periods 




















FIGURE 3.4.9.  
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FIGURE 3.4.9. Growth of' WT and 
He three agr mutant roots during 
incubation in He light. Mean root 
lengths ± standard errors. 
3.4.7. The effect of straightening and darkening on the growth of WT 
and agr mutant roots. 
This experiment was designed to investigate the possibility that the 
growth rates during curvature of these genotypes are adversely 
affected by the straightening procedure and darkening before 
gravistimulation. If this treatment is responsible for lowering the 
growth rate or halting growth of the mutant roots then this would 
also have the effect of reducing or preventing curvature. Agar petri 
dishes were prepared in exactly the same way as in section 3.4.7 with 
the same genotypes in the same combinations, and these were given the 
standard cold treatment followed by 48 hours of continuous 
illumination in the growth cabinet. The roots were then straightened 
in the normal way, aligning them along the vertical axis, and the 
petri dishes were then returned to the darkened growth cabinet. 
Photographs were taken at 3 hour intervals throughout the entire 
incubation period. Root lengths were measured from the tracings of 
projected negatives as in section 3.4.7 and the results are shown in 
figure 3.4.10. There appears to be no clear effect of the treatment 
on any of the genotypes tested which caused a marked and lasting 
reduction in the root elongation rate. Comparing the average rates of 
growth in the 12 hours before and after the manipulation (table 
3.4.6), there was a reduction in elongation rate in all genotypes, 
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Figure 3.4.10. Growth of' WT and 
the three agr mutant roots. Mean 
root lengths ± standard errors. 
Roots were straightened and the 
petri dishes transf'erred to the 
dark at 48 h. 
I 
Table 3.4.6. Average growth rates 12 h before and after 
straightening and darkening (mm h 1 ) 
Before 	After 	Before - After 
WT 0.183 0.179 0.00 1 
agr-1 0.125 0.100 0.025 
agr-2 0.125 0.100 0.025 
agr-3 0.029 0.000 0.029 
If the root growth in the three hours before and after the 
manipulation is examined, growth after the treatment appeared to be 
stimulated in the WT and agr-1 and inhibited in agr-2 and agr- 
3 9 but given the size of the errorbars these differences may well be 
insignificant. The most striking feature of this experiment was the 
total cessation of growth of the agr-3 roots at 42  hours, well 
before the manipulation was carried out, and this was unlike all 
previous observations of this mutant. What is also evident from 
figure 3.4.10 is that in this instance agr-3 appeared to germinate 
early, contrary to the findings of section 3.14.7  which showed later 
germination than WT. The analysis of variance of the growth rates of 
the vertically growing roots in section 3.4.7 showed that there were 
no significant differences in the intercepts of the projected 
regression lines from the linear portions of the growth curves, and 
therefore differences in the age of the seedlings after germination 
should not have affected the root growth rates before the time at 
which the manipulation was carried out. Despite this it was decided 
to repeat this experiment with agr-3 only, but on this occasion the 
179 
manipulation was carried out at 60 hours rather than 48 9 when figure 
3.24.9 suggests that as well as an equal growth rate to WT, agr-3 
roots had approximately the same length. Treatment of the seedlings 
was otherwise identical to that in the previous experiment. The 
result is shown in figure 3.24.11. There was no abrupt cessation of 
root elongation, and the initial rate of growth was faster than WT, 
at 0.22 mm h. The effect of the straightening and darkening 
treatment was to reduce the average growth rate to 0.13 nmlf. 
This reduction of growth was clearer than the apparent effects of the 
treatment on WT, agr-1 and agr.-2. The conclusions from this set 
of experiments to examine the effects of straightening and darkening 
on the roots may be summarised as follows: there was no obvious large 
and loriglasting deleterious effect on the growth rates of the mutants 
as a result of the straightening and darkening procedure. 
3.24.8. Growth and Curvature of WT and the three agr mutants, with 
stimulation at 90 0 to gravity at equivalent physiological ages. 
This experiment was intended to compare the development of 
gravitropic curvature in WT with the three agr mutants, and to 
compare their root growth profiles during curvature. The results of 
section 3.24.7 were used in the design of the experiment in an effort 
to ensure that the roots of all genotypes were of approximately the 
same length at the commencement of gravistimulation, which, according 
to figure 3.24.9 should also mean that their growth rates were 
approximately equivalent. WT, agr-1, agr-2 and agr-3 seed were 
sown onto freshly prepared agar in 90 mm petri dishes, one genotype 
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Figure 3.4.11. Growth of' agr-3 roos. 
Roos were slraighlened and IThe 
petri dishes Iransf'erred 10 1he 
dark a1 60 h. Mean rool Ienglhs ± 
sLandard errors. 
horizontal spacing. These petri dishes received the standard cold 
treatment and were placed vertically in continuous illumination in 
the growth cabinet. The period of incubation each genotype received 
was sufficient to produce roots of approximately 3 mm long, as 
determined from figure 3.4.9. This figure shows that after 48 hours 
of incubation WT and agr-1 roots reached 3 mm, but this length 
was not achieved by agr-2 and agr-3 roots until 52.5 h and 60 h 
respectively, and the straightening and gravistimulation in the 
darkened growth cabinet were carried out after these periods. After 
these manipulations, photographs were taken every three hours and the 
root angles and root lengths were measured from the enlarged 
photographs as previously described. The results are shown in figure 
3.4.12, in which the horizontal scale has been adjusted to give time 
after the commencement of gravistimulation rather than time after the 
start of incubation. 
WT showed the expected positive gravitropic curvature, the mean value 
reaching 850 after 16.5 hours and 890 after 30 hours. This is 
in direct contrast to agr-1 in which the mean root angle never 
deviated more than 60 from the horizontal in either direction. 
The growth of WT and agr-1 roots were very similar, appearing to be 
approximately linear in the early stages and developing into what may 
be assymptotic curves. Like agr-2, agr-3 demonstrated an initial 
phase of positive response which took the mean to 180  of 
curvature after 6 hours, but then showed no further positive 
curvature until 15 hours when there was a second phase of bending 
giving a maximum of 360 of curvature after 30 hours. There was 
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Figure 3.4.12. R: Graviropic curvature of' WT and the three agr mutant roots 
with a stimulation angle of' 90 degrees. Mean curvatures in degrees ± 
standard errors. B: Root growth during curvature of' He some Four genotypes. 













3.3.4; only one root curved away from the gravity vector and that one 
eventually ended up with a positive curvature. The initial curvature 
of agr-2 and agr-3 roots appeared to be linear or near linear in 
nature, and during and after the phases of active positive curvature 
the roots were all actively growing. The average growth rates and the 
rates of curvature were calculated for equivalent (or nearly 
equivalent) three hour periods of incubation of these genotypes, and 
the ratio of growth rate to curvature rate calculated. The results 
are shown in table 3.4.7. 
Table 3.4.7. Growth and curvature rates of WT and the three agr 
mutants in one three hour period early after stimulation by gravity. 
Genotype 	Period(h) growth rate curv. rate growth:curvature 
mmh 	Oh_T 	mm 0-1 
WT 3-6 0.13 	7.3 	 0.018 
agr-1 3-6 0.17 	--- 
agr-2 4.5-7.5 0.23 	1.33 	0.170 
agr-3 3-6 0.18 	2.67 	0.068 
agr-T appeared to curve in a negative direction during the 3-6 hour 
period, but during the later stages its mean root angle remained 
close to zero, and previous experiments showed its overall character 
is agravitropic; for that reason the calculation of a growth 
rate:curvature rate ratio is inappropriate. Growth:curvature ratios 
are the distances in mm that the roots are required to grow to 
achieve one degree of curvature, and the fact that they differ 
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greatly between WI' and the mutants shows that the reason for the 
reduced rate of gravitropic curvature is not due to a reduced growth 
rate. In this experiment the growth rates of the agr-1 mutants were 
actually greater than that of the WT. The significance of the 
differences between the final angles achieved by the different 
genotypes was assessed by the t-test, at 42 hours after 
gravistimulation for WT, agr-T and agr-3, and after 40.5 hours for 
agr-2. The results of this statistical comparison are shown in 
table 3.4.8. 
Table 3.4.8. Statistical comparison of the final angle of curvature 
achieved after gravistimulation at 90 0 to gravity. 
Comparing 	 t 	d.f. 	significance level 
WT, agr-3 8.06 19 0.001 
agr-3, agr-2 2.32 18 0.05 
agr-2, agr-1 2.40 21 0.05 
agr-1, agr-3 3.38 19 0.01 
These results clearly show that the mean root angle of WT was 
different from those of the agr mutants, and that the agr mutants 
were significantly different from each other. 
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3.4.9. Repeat of the time course of growth and curvature of agr-3. 
The negatively gravitropic behaviour of a proportion of the agr-3 
seedlings observed with a stimulation angle of 135 appeared not 
to be present in the above experiment, but other experiments have 
shown it to be a variable feature of the phenotype. The time course 
of curvature of agr- 3 with a stimulation angle of 900  was 
repeated to determine whether the negatively gravitropic aspect of 
the phenotype could be detected. The experimental treatment was 
identical to that in section 3.4.9 above but only the agr-3 
genotype was used. The curvature and growth profiles are shown in 
figure 3.4.13. The majority of the agr-3 roots demonstrated a 
limited positive curvature as was found in the previous experiment, 
the mean value reaching 300.  However, unlike the findings of the 
previous experiment k out of 12 of the agr-3 roots demonstrated a 
distinct negatively gravitropic curvature, reaching a mean of - 
220 . Comparing the positively and negatively responding subsets 
of this agr-3 sample at the end of the incubation period with the 
t-test gave a value for t of L07 with 10 degrees of freedom, which is 
significant at the 0.01 level. 
The negatively gravitropic feature of the agr-3 phenotype appears 
to be highly variable, as these two experiments were conducted under 
identical conditions, and the results indicate that the mechanism of 
gravitropism in this mutant has been altered in such a way that 
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Figure 3.4.13. A: Gravit-ropic curvature of' agr-3 roots with a stimulation uv&t 
of' 90 degrees. Mean root- curvatures in degrees ± standard errors. B: growth 
during curvature of' agr-3 roots. Mean root- lengths ± standard errors. 
3.4.10. Estimation of the presentation time of WT roots. 
A preliminary experiment was conducted to estimate the approximate 
presentation time of WT Arabidopsis roots using the method 
described in section 2.7.8. Roots were presented to gravity at the 
optimal stimulation angle of 135, for 5, 10, 40 or 70 minutes, 
and were then returned to the vertical. After a further hour the 
roots were visually scored for the presence of a positive gravitropic 
curvature. The results are shown in table 3.4.9. 
Table 3.4.9. Number of roots showing a positive curvature one hour 
after different stimulation times. Times in minutes. 
Stimulation time 5 10 40 70 
Responding 1 4 5 9 
Non-responding 	7 	4 	3 	1 
The presentation time is the period of stimulation eliciting a positive 
response in 50% of roots, therefore the presentation time in WT 
Arabidopsis must lie between 5 and 10 minutes. 
To elaborate on the above result and to estimate more accurately the 
presentation time, the 55 rpm clinostat was used for omnilateral 
stimulation of the roots after varying periods of stimulation at 
900 to gravity. WT seedlings were cultured in the growth chamber 
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Figure 3.4.14. Gray iropic curvalure 
of' WT roofs aF'er B H roaHon on a 
clinosfaf Following varying periods of' 
gravishmulaHon of 90 degrees 10 fhe 
verHcal. Mean root angles ±. sandard 
errors. 
the roots were placed horizontal for 10, 20 40 or 80 minutes. After 
this period of gravistimulation the growth chamber was placed on the 
clinostat, and rotated at 55 rpm for 6 hours. The results are 
presented as mean curvature .s. standard error achieved after the 6 
hours rotation for each of these stimulation periods, in figure 
3.4.14. Zero stimulation of the roots at 900  to gravity is 
assumed to elicit no curvature on the clinostat. The errors at each 
data point are large, but there was a clear response of 10.80  for 
10 minutes stimulation. Unfortunately the points do not form a smooth 
line from which the presentation time can be extrapolated on the 
horizontal axis, and from this and the previous experiment it may 
only be concluded that the presentation time lies between 5 and 10 
minutes. 
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3.5.1. Auxin binding studies. 
It has been established that decreased sensitivity to the herbicidal 
effects of 2,4-D and agravitropic roots are pleiotropic effects of 
the mutants aux-1 and Dwf. The isolation of another mutant, agr-3, 
with reduced root gravitropism and increased sensitivity to 2, 4 -D 
establishes a further link between the auxin physiology of 
Arabidopsis seedlings and their responsiveness to gravity. Despite 
recent evidence that no redistribution of IAA occurs in maize or 
broad bean roots before the onset of gravitropic curvature (Mertens 
and Weller, 1983), there are contradictory reports (Lee and Evans, 
1985a), and the existence of these mutants is further evidence that 
auxin has a role in root gravitropism. The putative role of auxin in 
the transduction of the gravity stimulus and in the establishment of 
tropic curvature make it likely that these mutants are affected in 
their ability to transduce the signal or to react to the signal once 
it has been transduced. The existence of high affinity binding sites 
for various auxin analogues has been demonstrated in several types of 
plant tissue (reviewed by Venis, 1985) and the hypothesis that the 
action of auxin is mediated by receptors has received widespread 
support. A possible cause of the altered sensitivity of these mutants 
to the action of 2,4_D could be changes which affect the abundance of 
an auxin receptor or its affinity for the ligand. 
This investigation used a modified version of the methods of Batt et 
al. (1976) to determine whether any reversible binding of the 
synthetic auxin naphthyleneacetic acid (NAA) and the inhibitor of 
polar auxin transport, naphthylphthlalamic acid (NPA) could be 
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detected in membrane extracts of Arabidopsis seedlings, and to 
compare WT and the mutant aux-1 in this respect. In order to make a 
comparison of WT and mutants, WT itself had to be investigated in 
considerable depth and the bulk of this section is concerned with the 
characterisation of the nature of NAA binding in WT and in attempts 
to achieve repeatable results. In comparing WT with the mutants, 
constraints on experimental material meant that studies on only one 
mutant could effectively be undertaken. If the magnitude of the 
alteration in auxin sensitivity reflects the magnitude of the 
presumed change in the nature of the binding site, then logic 
dictates that for the best possible chance of detecting any 
difference in binding, the mutant with the greatest alteration in 2,-D 
sensitivity should be chosen. Dwf has an ED 50for 2,-D 2000 
times that of WT (Mirza, 1982) and was the obvious choice for study, 
but large quantities of seed were required for each binding assay and 
these were not available for Dwf which produces very few seeds per 
plant. A further complication of Dwf is that it is a dominant 
mutation in which the homozygote is lethal so that the only seed 
available is a segregating population of the Dwf/dwf teterozygote 
and WT in the ratio 2:1. Since the preparation of plant matarial for 
the binding assay involved using sterile liquid shake culture in 
bulk, there was no opportunity to separate WT and Dwf segregants 
without jeopardising sterility at the same time, and the production 
of Dwf phenotype seedlings in bulk was never a feasable 
proposition. The next logical choice was aux-1 with a 14_fold 
increase in 2,-D resistance over WT and since it had none of the 
difficulties associated with Dwf, it was chosen for further study 
alongside WT. 
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3.5.2. Assessment of total reversible binding of NAA. 
This seies of experiments was intended to reveal whether reversible 
binding of NAA could be detected in membrane extracts of whole 
Arabidopsis seedlings. When radioactively labelled NAA is added at 
low concentration to a membrane extract of plant tissue, a certain 
amount may be expected to bind, and that proportion, if any, which 
can be displaced from its binding sites upon flooding with a 
relatively high concentration of unlabelled ligand, is termed 
reversible binding. With studies on NAA, 10 M has been shown to be 
an effective concentration for this purpose and will saturate any 
binding site that could possibly be a physiologically significant 
receptor i.e. having a dissociation constant of binding (Kd) in the 
expected range (published values for membrane bound auxin binding 
sites in maize range from 0.15x10 to 9.0xi0 M for NAA 
(Venis, 1985)). The label that is not displaceable by this 
concentration of free ligand is almost certainly not physiologically 
significant and would be likely to have a Kd outside the normal 
range. The term 'reversible' is used rather than 'specific' as the 
latter term can be taken to imply more in terms of chemical 
specificity and biological significance. For reversible binding to be 
physiologically significant, it must show specificity in accordance 
with the biological activity of its analogues and the kinetics of 
binding should demonstrate a Kd in the range of concentrations which 
are effective in eliciting a response in the plant itself. 
A series of eight experiments was carried out using WT plant tissue in 
seven of these and aux-1 on one occasion. There were variations 
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between the fresh weights of seedlings used in these experiments 
because of the varying availability of suitable plant material. In 
some experiments freshly harvested seedlings were used whereas in 
others, seedlings were used which had previously been frozen in 
liquid nitrogen and stored at -70C. This required that a direct 
comparison be made between fresh and frozen material in the same 
experiment to determine whether freezing has an effect on binding. 
Studies have shown that pre-treatment with auxin induces binding 
sites of high affinity (Trewavas, 980; Bnattacharyya and Biswas, 
1982). Accordingly, in an effort to increase the proportion of 
reversible binding the liquid shake culture medium was altered to 
include 10-7M NAA in one experiment. The shake cultures were 
normally grown in continuous light but on one occasion dark grown 
seedlings were used to test this aspect of their environment on NAA 
binding and in one case the mutant aux-t was used as the source of 
the membrane extract as a preliminary to the investigation of binding 
kinetics in the next section. To satisfy the definition of a 
receptor, a binding site must show stringent structural and 
stereochemical requirements of the ligands that it binds and to test 
the specificity of the binding site(s) in Arabidopsis, benzoic acid 
(BA) was used to determine whether there was any affinity for this 
simple aromatic acid. 
Membrane suspensions were prepared from whole three day old seedlings 
grown in liquid culture as described in section 2.9.1. The 4000-
39000g pelleting fraction was washed in wash buffer at pH 6.0 and 
resuspended in binding buffer at pH 5.5 using approximately 1.5 ml of 
buffer per gram fresh weight of the original seedling mass. The 
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details of the binding assays are outlined in section 2.9.3. and are 
summarised below: 
3H-NAA was added to membrane suspensions in binding buffer to a 
final concentration of approximately 2x10 9 M and each binding 
suspension was split into two equal sized aliquots, treatments A and 
B. Unlabelled NAA was added to treatment A giving a final 
concentration far in excess of the 'hot' NAA, generally 10-4 M. The 
'cold', free NAA competes for the reversible binding sites with the 
'hot' and due to the large excess, effectively displaces all of the 
label. Treatment B had no unlabelled ligand added but instead an 
appropriate volume of methanol was added to keep the treatments 
equivalent. Triplicate or quadruplicate I ml samples were taken from 
treatments A and B and the pelleting radioactivity in each one 
determined using a modified procedure of the centrifugation assay of 
i &i. 
The 390009 pellets were surface washed with 1 ml of distilled 
water, recovered in three 0.5 ml increments of distilled water 
and added to 10 ml of liquid scintillation cocktail in disposable 
plastic vials and counts per minute (CPM) were determined in a 
Kontron Intertechnique scintillation counter. The mean CPM for 
treatments A and B were calculated and corrected to CPM per gram 
fresh weight of original plant tissue. CPM(Treatment B) - 
CPM(Treatment A) is a measure of reversibly bound radioactivity and 
is expressed as a percentage of CPM(treatment B) to give the 
proportion of the total binding that is reversible. Table 3.5.1. is a 
summary of the experiments carried out showing the differences 
M 
between each one. 
Table 3.5.1. Summary of experiments to assess total reversible binding of 
NAA. 
Experiment Genotype Treatment Mass(g) 	[ 3H-NAA] 	Free 
































4.8 1.67 1.1 
3.5 2.22 1.4 
3.0 1.67 1 
5.5 1.67 i 
5.2 1.67 1 
5.5 1.67 1 
	
7.5 	2.22 	1 
7.0 	1.67 	1 
7.9 	1.67 	1(NAA) 
'I 	 II 	1(BA) 
In the last experiment in which benzoic acid was also used as the 
displacing ligand, after the addition of the labelled NAA the 
membrane suspension was divided into three aliquots to which were 
added: NAA to 10 -4 M, benzoic acid to 10 -4 M and an 
appropriate volume of methanol respectively. Table 3.5.2. is a 
summary of the results of all nine experiments showing CPM for 
treatments A and B, the difference between them and the proportion of 
the total bound label that was reversed by the saturating 
concentration of ligand. 
Table 3.5.2. Summary of total reversible binding results. 
Experiment Genotype Remarks CPM g- (A) CPM g- 	(B) B-A % of B 
Reversible 
1 WT Frozen 750 860 110 12.8 
2 WT Frozen 1182 1338 156 12.4 
3 WT Fresh 1456 1550 94 6.1 
4 WT Fresh 1040 1153 113 9.6 
Frozen 1440 1504 64 4.0 
5 WT Frozen 1274 1405 131 9.3 
(Grown in 
10-7 M NAA) 
6 WT Fresh 1776 1905 129 6.1 
Grown in 
dark) 
7 aux-1 Fresh 559 611 52 8.9 
8 WT Fresh 521 709 188 26.5 
(NAA) 
WT Fresh 535 709 174 24.5 
(BA) 
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Excluding for the moment the result of experiment 8 which included 
benzoic acid as the displacing ligand, one feature of all these 
experiments is clear. In each experiment, the value for CPM 
(Treatment A) was less than that for CPM g- I  (Treatment B), 
indicating that a certain amount of bound NAA was displaced by the 
concentration of free NAA used in each case. If reversible binding 
did not occur, then the A and B values would be expected to be equal 
and the chance of A exceeding B or vice versa due to random variation 
in the counting would be even. If this were the case, the chances of 
obtaining the results above, with eight successive occasions on which 
CPM(B) exceeded CPM(A) are 516:1 against, so it can be stated with a. 
high degree of certainty that a small proportion of the bound NAA was 
reversible by the concentrations of free NAA used. 
In frozen WT seedlings cultured under the normal conditions, the 
total bound radioactivity ranged from 80 CPM g- 1 to 1504 CPM 
with reversible proportions of between % and 12.8%. Fresh 
seedlings grown under the same conditions yielded total CPM g 
of 1550 and 1553 with reversible proportions of 6.1% and 9.6% 
respectively. These results appear at first to indicate that total 
binding was reduced by freezing without affecting the reversible 
proportion, which for fresh plant tissue fell within the range of the 
frozen. The direct comparison of fresh and frozen material, however 
(experiment 4) contradicted this with a higher value of total NAA 
bound for frozen material and a lower reversible percentage, 14.0% 
compared to 9.6%. It can be concluded from these experiments that 
freezing the plant tissue before carrying out the binding assay did 
not abolish reversible binding and if there was any effect on the 
reversible proportion, it was within the errors of this system and 
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not detectable. The convenience of using deep frozen material 
therfore outweighed any disadvantage to the results. Growing the 
seedlings in 10-7M NAA appeared to have no effect on binding , 
yielding a reversible proportion of 9.3%. However, growth in the dark 
yielded the highest total binding found, at 1905 CPM g_'1,  'perhaps 
due to a greater proliferation of membranes found in etiolated 
plants but the reversible percentage of 6.1 was neither remarkably 
high nor low. On the one occasion that the mutant aux-1 was tested, 
the total CPM g was lower than any of the WT values at bM but 
the reversible proportion of 8.9% was within the WT range. 
The last of these experiments (the results of which are shown in the 
last two rows of table 3.5.2) dealt with the specificity of binding 
and the affinity of the binding site(s) for benzoic acid. Two 
features are immediately obvious. Firstly, the reversible proportions 
of bound NAA were nearly equal when either NAA or BA was used as the 
displacing ligand, showing that the site(s) responsible for the 
reversible binding had an affinity for benzoic acid nearly as great 
as for NAA. Secondly the magnitudes of the reversible proportions of 
bound NAA, at 26.5% for NAA and 24.5% for BA were far in excess of 
those found in any previous experiment, the result for NAA being 
greater than twice that of the previous highest value of 12.8%. The 
CPM g- 1  (Treatment A) for NAA in experiment B is the lowest value 
recorded and it appears that the value of the reversible percentage 
of the binding has been increased at the expense of non-reversible 
binding, even though no differences in the methods were introduced. 
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3.5.3. The kinetics of NAA binding. 
In assessing the binding kinetics of a ligand to a receptor the 
objective is to estimate both the dissociation constant of binding, 
Kd, a measure of the affinity of the site for the ligand, and the 
number of sites per unit fresh weight of plant tissue, n. By adding 
the ligand, in this case NAA, across a range of concentrations and 
using the centrifugation assay to determine how much is bound at each 
concentration, graphs can be drawn from which the parameters Kd and n 
can be found by extrapolation. The basis for this method was the same 
centrifugation assay described in the previous section, in which 
3H-NAA was added to a suspension of membranes but in this case a 
range of concentrations of cold NAA from 10 6  M to 	M was 
added to replicate aliquots after binding of the label. The 
radioactivity that is reversibly bound is found by subtracting the 
DPM g- 1  for the highest (saturating) concentration from the DPM 
g' for each of the other concentrations and the quantity of NAA 
bound found from these reversible DPM values and the known specific 
activity of the label. The aim of these experiments was thus to 
investigate the kinetics of the reversible binding found in previous 
experiments and to compare WT and the mutant aux-1 in this respect. 
WT and aux- 1 seedlings were prepared as before by the liquid shake 
culture method described in section 2.4.4. and suspensions of the 
4000-390009 fractions were made in binding buffer at pH 5.5 according 
to the methods outlined in section 2.9.1. 
20 ml suspensions were prepared using 10.65 g of fresh WT and 10.63 g 
of fresh aux-1 seedlings and 3H-NAA was added from stock 
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solution in methanol to a final concentration of 1.18x10 9 M. 
After 5 minutes, each was divided into four aliquots and unlabelled 
NAA was added from stock solution in methanol to three of these to 
give final concentrations of 2x10 6 , 2x10' 5 andiO M. 
The control had no 'cold' NAA added but an appropriate volume of 
methanol was added to keep the treatments otherwise equivalent. After 
thorough mixing of the suspensions and a further 5 minutes 
incubation, triplicate 1 .2 ml samples were pipetted into Sorvall 7x50 
mm tubes and the radioactivity in the 390009 pellet was determined by 
the centrifugation assay as previously described. CPM were corrected 
to decays per minute (DPM) using a quench calibration curve and the 
quantity of the label in the binding assays was determined by 
estimating the activity of a '3 ul sample of the 3H-NAA stock in 
10 ml of liquid scintillation cocktail alongside the rest of the 
samples and calculating the concentration of 3H-NAA from the 
known specific activity. The total amount of NAA bound at each 
concentration was determined using the DPM for each and the specific 
activity of the label, adjusting for the change in total NAA 
concentration caused by the addition of the 'cold' NAA in each case. 
Table 3.5.3. shows the mean DFM-1 'fresh weight, the reversible DFM 
and the quantity of reversibly bound NAA for each 
concentration of free NAA. (The concentration of 311-NAA, 
1.18x10 9 M, is shown only in the case of the control where no 
'cold' NAA was added, as it represents an insignificant fraction of 
the total quantity where unlabelled ligand was added). 
201 
Table 3.5.3. Concentrations of free NAA and quantities reversibly 
bound. 
[NAA] M 	DPM g 	Reversible DPM g 	NAA bound (mol g) 
WT 	1.18x10 9 	4019 	 380 	 5.71xi0 5 
2x10 	 3847 	 208 	 5.29xi0 12 
2xi0 5 	3902 	 263 	 6.70x10 11 
10-4 3639 
aux-i 	1.i8x10 9 	4290 	 642 	 9.66xT0 15 
2xi0 6 	4256 	 608 	 1.55x10 1 
2x10 5 	4131 	 463 	 1.23xi0 ° 
10 	 3648 
Since the DPM for the 10 M concentration was used to determine 
the reversible DPM at each of the other concentrations, it yielded no 
information itself so that only three data-points for reversible DPM 
and for moles of NAA bound were available for each genotype. 
Total DPM g is plotted against concentration of free NAA in 
figure 3.5.1. The two curves are clearly different, with the aux-1 
suspension binding more NAA at all of the concentrations used other 
than 10 M where the DPM are very nearly equal. The theoretical 
shape of the curve expected where reversible binding is superimposed 
on a background of non-reversible binding is shown in figure 3.5.2. 
(redrawn from Venis, 1985). The data in figure 3.5.1. do not follow 
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Figure 3.5.2. The theoretical curve oF DPM 
bound as a Function of' the Free ligand concentration 
where saturable binding is superimposed on a level 
oF unsalurable binding. Re-drawn From Venis, 1985. 
2x10 5 and 10- 4 M NAA, relatively high concentrations at 
which saturation of the reversible sites might be expected to be 
complete. However, the lack of points on the curve may conceal its 
true shape and a higher concentration of NAA should show whether 
saturation was complete at 10-4 H. 
Bound NAA (mol) is plotted against free (H) in figure 3.5.3. With 
binding to a saturable receptor with a finite number of sites, a 
sigmoid curve is expected, reaching an assymptote such that 
regardless of how high the concentration of free ligand is raised 
there is a limit to the amount that is bound. The curves in figure 
3.5.3. may well satisfy this requirement but conceal their true shape 
because only three data points were available for each one. The use 
of higher concentrations of NAA to saturate should reveal whether 
reversible binding does reach such an assymptote. If the true shape 
of the curves continue directly from the lines plotted it would 
appear that the binding is non-saturable; that is as the 
concentration of free NAA is increased well beyond physiological 
levels, correspondingly more is bound and the likelihood that the 
binding is due to a biologically significant receptor decreases. To 
attempt to estimate the dissociation constant of binding and the 
concentration of binding sites, a Scatchard plot was constructed of 
bound NAA J/free NAA against bound NAA g 1 and this is shown in 
figure 3.5.. It can be seen from figure 3.5.4. that the aux-t 
points form a fairly good straight line , but the shape of the WT 
graph is much less clear. Regression lines were drawn through the WT 
and aux-1 scatchard plots and the derived values of Kd and n are 
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Table 3.5.4. Dissociation constants of binding and concentration of 
binding sites for NAA in WT and aux-1. 
Kd (M) 	n (pmol g 1 ) 
WT 	1.22x!10- 4 	 465 
aux-i 	6.67x10 5 	 535 
The Kd values are at least an order of magnitude greater than those 
reported for membrane bound NAA binding sites in the literature. The 
Kd is an estimate of the concentration which gives 50% occupancy of 
the binding sites, and this is often assumed to mean 	 50% 
response of the ligand/binding site complex. In this case this would 
require an inordinately high concentration of auxin in the tissue, 
indicating that this binding is unlikely to be due to a true 
receptor. However, there are animal hormones that elicit a 50 
reponse at less than 50% occupancy of the receptor (Strickland and 
Loeb, 1982), and if the analogous situation exists in plants the 
binding of NAA found here may be physiologically significant. Further 
treatment of this possibility is given in the relevant section of the 
discussion. 
This experiment was repeated, this time using 15.65 g of WT and 15.90 
g of aux-i seedlings with a final volume of 20 ml of binding buffer 
in each case. On this occasion, after the addition of 3H-NAA to a 
concentration of 1.25x10 9 M. the samples were each divided into 
six aliquots to which unlabelled NAA was added giving final free 
concentrations of 10_6, 10' s , 3x10' 5 , 10-4 , 3x10' 
and 10 3 M. Triplicate 1 ml samples were taken from each of 
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these aliquots and the pelleting radioactivity determined by the 
centrifugation assay as previously described. These concentrations of 
free NAA were chosen to provide extra points in between those in the 
previous experiment and the 3x10 M and 10 M points used 
to investigate whether binding is saturated at these relatively high 
concentrations. On this occasion the membrane extracts were checked 
for protein content using the method of Lowry et al. (1951) described in 
section 2.10. The membrane extracts were diluted 1:1 v/v with 
distilled water and the protein in each of six 100 ul aliquots of 
this mixture was determined for WT and aux-t. The mean values of mg 
protein g fresh weight of tissue were 3.05 for WT and 2.66 for aux-1 
and the difference between the two is significant at the 0.001 
level by the t-test and shows that to make a direct comparison of WT 
and aux-1, the differences in protein content should be taken into 
account. Table 3.5.5 shows moles of NAA bound at each concentration 
per gram fresh weight of plant tissue and table 3.5.6 shows the same 
data per mg of protein in the membrane extracts. 
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Table 3.5.5. Free concentrations of NAA and quantity bound per g fresh 
weight. 
[NAAJ t1 	DPM g- 1 	Reversible DPM g 1 	NAA bound (mol g) 




3x10 5 3773 242 8.70x10 1 
1O 3978 4147 5-37X10- 10 
3x10 3841 310 1.12x10 9 
10-3  3531 
aux-1 o_6 3599 352 4.23x10 2 
10 3419 172 2.07x10 1 ' 
3x10 5 3431 184 
10-4 3028 -219 * 
3x!0-4 3 1 62 -85 * 
icr 3 3247 
* Since the total DPM g' for these concentrations are less than 
that of the 'saturating' concentration of 10 M, the figures for 
reversible DPM turn out to be negative and are therfore of no value. 
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Table 3.5.6. Free concentrations of NAA and quantity bound per mg 
Protein. 
[NAA] 	DPM mg 	Reversible DPM mg 	NAA bound mg 
WT 	10 6 1386 230 2.76x10 2 
10 1276 120 1.44x10 1 
3x10 5 1235 79 2.85x10 11 
10-4 1302 146 1.75x10 10 
3x10 1257 101 3.66x10_10 
10-3 1156 
aux-1 	10 6 1352 133 1.59x10 12 
10 1284 65 7.77x10 2 
3x10 5 1288 69 2.50x10 1 
10-4 1137 -82 * 
3x10-4 11 87 -32 * 
10-3 1219 
The total DPM g- 1  fresh weight and total DPM mg-1 protein are 
plotted against free NAA in figure 3.5.5. and it is clear that taking 
account of the differences in protein content reduced the 
dissimilarity between the results of WT and aux-I. The two curves 
overlap at several points and although both curves are uneven the 
general trend was a reduction in DPM between 10  M and 10-3  
M, of 230 for WT and 133 for aux-1. The aux-1 and WT curves 
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protein 
differ most between 3x10 5 and iO M NAA where WT appeared 
to be binding more NAA with each increase in concentration, whereas 
aux-1 appeared to be binding less. This may indicate that the 
binding was saturated in aux-1 at lower concentrations than in WT 
and would imply that the binding sites have differing affinities. 
Bound against free NAA is plotted in figure 3.5.6. The data for aux-I 
is incomplete for the reasons stated above but two features are 
clear. Although the quantity of NAA bound at each concentration was 
less for aux-t than for WT the differences were small in the 
context of the scale of the figure. Secondly, the WT curve shows that 
the quantity of NAA bound increased nearly linearly between 3x10 5 
and 3x10-4 M showing that almost certainly the binding was not 
saturated at these high concentrations. The results therefore answer 
the questions raised by the previous binding kinetics experiment, and 
the bound V. free plots of them both are superimposed on eachother in 
figure 3.5.7. This figure shows that the WT sets of data fall between 
the aux-i curves and as such there may be no significant difference 
between them. The WT result from the second of these experiments 
shows that the shape of the figure is almost certainly not a sigmoid 
curve reaching an assymptote at physiologically feasible 
concentrations and as such a proportion of the binding is unlikely to 
be due to a receptor. 
The Scatchard analysis (bound/free V. bound) derived from figure 
3.5.3. is shown in figure 3.5.8. The aux-1 plot is incomplete for 
the reasons described, but the results shows that the WT profile is 
not a straight line and consequently there is no justification for 
























FREE [NPAI (M) LOG1QSCPLE 
Figure 3.5.6. Binding OF  3H-NAFR 
10 membrane exlracls OF WT and aux-1. 
Picomoles OF NRA bound as a F'uncion 













FREE {NPA] (M) LOG 10 SCALE 
Figure 3.57 Binding oF 3H-NRR 
to membrane exlracls of' WT and aux-1. 
The conl inuous and broken lines 
represenV daVo From separale experimenls. 
calculate a Kd. With these five points the shape of the curve is 
still unclear, but the most likely interpretation is a curvilinear 
plot which would indicate a heterogeneous population of binding 
sites. The first three WT points at the left of the figure appear to 
fall on a reasonable straight line, and may represent binding at one 
site with saturation kinetics. The apparent Kd calculated from the 
regression line drawn through these points is 1.5x(f 5 M, in the 
same order of magnitude as the values for aux-t in the previous 
experiment, and the concentration of binding sites is 40 ptnol mg' 
protein. This corresponds to an approximate value of 120 pmol 
of plant tissue. Although the calculated Kd is in fair agreement 
with the previous results, given the paucity of data points, these 
are very crude estimates, and the differences between them indicates 
a high degree of variability. 
In contrast to the previous experiment the aux- '1 points fall below 
those of WT, a feature which may be due to the fact that differences 
in protein content were hitherto ignored. 
The investigation of the binding kinetics was carried out on one 
further occasion using the same free NAA concentrations of 10, 
10', 3xt0' 5 , 10-4 , 3xi0 	and 10 	M, with a concentration of 
3H-NAA of 1. 146x10' 9 M. In this case an increase in DPM mg protein 
with increasing concentration of free NAA was found, the opposite 
of the expected trend and in contrast to the results of all previous 
binding assays. DPM mg' 1 protein rose from 1870 to 2110 for WT 
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Similar experiments have shown considerable variability, but never a 
decrease in bound NAA with increasing concentration. The procedure 
carried out was identical to that in the previous two experiments and 
no simple explanation can be offered for the result. 
3.5.4. Total reversible binding of Naphthylphthalainic acid. 
The inhibitor of polar auxin transport naphthylphtnalamic acid (NPA) 
also abolishes the root gravitropic response in maize (Katekar and 
Geissler, 1981), a result which suggests that polar auxin transport 
is required for root gravitropism. These authors also showed that the 
binding affinities of NPA analogues (arylphthalamic acids) were 
correlated with their abilities to inhibit root gravitropism. Binding 
of NPA to plant membrane extracts has been investigated widely and in 
depth (reviewed by Venis, 1985) and now represents the best 
understood receptor system in plants. Because of the relationship 
between altered root gravitropism and changes in auxin sensitivity in 
the mutants in this study, it was decided to investigate whether 
binding of NPA could be detected in membrane extracts of 
Arabidopsis and to compare WT and the mutant, aux-1, in this 
respect. 
Estimation of bound NPA that is reversible by 10 M free ligand 
was made using the same centrifugation assay as was used for NAA. 
Membrane suspensions from 2.4 g of WT and 2.3 g of aux-1 seedlings 
were prepared as described in section 2.9.1 with final volumes of 6.5 
ml each in binding buffer at p H 5.5. 3H-NPA was added from stock 
solution in methanol giving a concentration of approximately 
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6.ix10 9 H after which the WT and aux-1 suspensions were each 
divided into two equal aliquots. To one half was added unlabelled NPA 
to a final concentration of 10 -4 M and an appropriate volume of 
methanol was added to the other to keep the treatments otherwise 
equivalent. After thorough mixing, triplicate 0.95 ml samples were 
taken from each and the radioactivity in the 39000g pellet was 
determined as previously described. The protein content of the WT and 
aux-1 membrane fractions was determined using the method of Lowry 
et al. (1951) described in section 2.10. The DPM g 	fresh weight 
were corrected to DPM mg- I protein and the results are shown in 
table 3.5.7. 
Table 3.5.7. 
Binding of 3H-NPA to membrane extracts of WT and aux-1. 
+or- 10-4 M NPA 	DPM g 	 DPM mg protein 
WT 	 + 	 2657 	 1261 
- 	 2654 	 1259 
aux-T 	+ 	 2000 	 1057 
- 	 2063 	 1090 
The figures for WT are in close agreement with eachother at 1261 and 
1259 DPM mg- 1  protein and those for aux-1 show a difference of 
33 DPM, or approximately 3%. It can be concluded from these results 
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that under the conditions tested there was no reversible binding of 
NPA in WT and if the aux-1 figures reflect the true situation, the 
amount of reversible binding was very small. 
3.5.5. Kinetics of NPA binding in WT and aux-. 
As a continuation of the previous experiment (section 3.5.4.) it was 
decided to investigate the kinetics of NPA binding over a range of 
concentrations between 10_ 8  and 	M to see (1) whether or 
not the previous experiment was repeatable and (ii) if binding was 
detectable, to construct a Scatchard plot of the data and attempt to 
estimate Kd and n for WT and aux-1. Saturation of binding in maize 
is complete at 1U -5 M (Venis, personal communication) and the 
following concentrations were chosen: 10 8 , 5x10 8 , 2x10 7 , 
8x10 7 and 10 M. Approximately 5 g of WT and aux-1 
seedlings were extracted as previously described and their 4000-
39000g fractions each suspended in 17 ml of binding buffer at pH 5.5. 
3H-NPA was added to each to an approximate final concentration of 
1.1xTO 6 N and after 5 minutes these 17 ml binding fractions were 
divided into five equal aliquots and unlabelled NPA added from stock 
solutions in methanol to give the final concentrations listed above. 
After a further 5 minutes and thorough mixing, triplicate 1 ml 
samples were taken from each of these concentrations and the 
pelleting radioactivity determined by the centrifugation assay as 
previously described. The concentration of protein in the binding 
fractions was determined as described in section 2.5.3. using the 
method of Lowry et al. (1951) described in section 2.10. The results 
are shown in table 3.5.8. as mean DPM mg protein. 
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Table 3.5.8. 
Mean DPM mg protein in WT and aux-1 
Free [NPA] (M) 	10_8 5x10 8 2x10 7 8xicY 7 i0 
WT 	 702 









From the figures in table 3.5.8. and in the light of the previous 
experiment it can be seen that there is no clear trend in the binding 
of NPA under these conditions. In WT, between 10 -8 and 10-4 M 
there was a reduction of 23 DPM mg t protein, or approximately 3 
as opposed to the nil value found in the previous experiment. In the 
case of aux- I the bound radioactivity increased by 27 DPM mg 
protein between these concentrations wheras in the previous 
experiment reversible binding of 3 of the total was found. 
It may be concluded from sections 3.5.4. and 3.5.5. above that under 
the conditions tested, little or no saturable binding of NPA was 
detectable in membrane extracts of WT or aux-1, and nothing can be 
deduced regarding the presence of a NPA receptor or its affinity for 
the ligand in WT or this mutant. 
The studies on the binding of NAPL to membrane extracts of whole 
Arabidopsis tissue showed that a small fraction of the total label 
bound was reversed by 10-4 M free ligand, and that this was a 
repeatable result. The studies on the kinetics of binding indicated 
that the binding was due to a heterogeneous population of sites, and 
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that a proportion of the binding is probably unsaturable. The use of 
benzoic acid as the displacing ligand showed that it was almost as 
effective as NAA at competing for the reversible sites, indicating 





4.1. Genetica]. Analysis. 
4.1.1. Complementation Test. 
Discussion of the results of the complementation test is divided into 
two categories: observations made on the parental genotypes and on the 
progeny of the crosses respectively. 
(1) The parental genotypes. 
Two of the eight putative agravitropic lines used as the parental 
strains in the complementation test were found to be gravitropic, 
having roots which showed distinctive downward curvatures 
indistinguishable from the WT after the 24 h period of 
gravistimulatjon. The screening test used to select putative 
agravitropic mutants in the M 2 generation after the EMS treatment 
used a similar 90 degree curvature test to the one used in this 
complementation test (Maher, pers. comm.), and given the thousands of 
seedlings that were screened and the consequent range of variation 
that might be expected, it is not surprising that some seedlings were 
wrongly selected as agravitropic. The examination of the parental 
genotypes also showed that two other lines, 857 and 858, had the 
appearance of normal gravitropic seedlings before any manipulation; 
instead of having the random distribution of root angles which is 
characteristic of "truly" agravitropic roots, the roots were pointing 
predominantly downward like the WT. The examination of the roots of 
the parental genotypes gave a further indication that 858 did have a 
partial response to gravity, with 5 out of 12 culture plates having 
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roots with slight downward curvatures. The subjective judgement of 
whether a root had full, partial or nil curvature is not an entirely 
satisfactory system of scoring, but in the design of this test, the 
existence of intermediate responses was not anticipated. The results 
from the WT roots show that uncertainty can exist about the phenotype 
of the seedlings when their true nature is beyond question, as 3 out 
of the 12 petri dishes scored had roots that were judged to have 
partial rather than full curvature. This may be because 24 hours is 
insufficient for WT roots to return to the vertical, or the roots 
that indicated partial curvature may represent slower curving roots 
at one end of the Normal distribution. The 857 result did not confirm 
the suspicion that it was gravitropic, but the crude nature of this 
test must have concealed a very slight response to gravity as 857 was 
subsequently shown to be gravitropic. The discovery of two mutants 
with reduced rather than totally abolished root gravitropism was 
supplementary to the aims of the complementation test, which were met 
by the observations on the F 1 progenies of the crosses. 
(ii) Progeny of the crosses. 
Certain assumptions are made in the interpretation of the results of 
a complementation test such as this, where it is supposed that 
mutations at two distinct loci are responsible for similar 
phenotypes. The guidelines for the interpretation of the results 
given in table 3.1.1 are only correct if it is assumed that a 
genotype which is heterozygous for the two different mutations will 
have the WT phenotype. It is possible that two recessive alleles at 
different loci could interact to give a mutant phenotype. With 
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recessive mutations this is unlikely due to the influence of the 
normal allele remaining at each of the loci, out if it were to occur, 
the interpretation of sucli a result would be that the two mutations 
were allelic when the opposite is true. This so-called epistasis 
between alleles at different loci is rare, but the possibility should 
be borne in mind. 
The first objective of the complementation test was to determine 
whether the mutations causing the altered gravitropism in the eight 
mutant lines under study were allelic. Table 3.1. 4  in the relevant 
results section shows that in all but two of the crosses, the progeny 
were agravitropic. These crosses, 861x857 and 861x858 are confusing 
elements in an otherwise clear set of results, and the discussion of 
this experiment is facilitated if the other crosses are considered 
first. All crosses between 861, 874, 898 and 932 gave progeny that 
were agravitropic, and it can be concluded from this result that the 
mutations causing the agravitropic roots in these genotypes are 
alleles of one locus. Given that they are allelic and have apparently 
identical phenotypes, there is justification for supposing that they 
are caused by identical mutations. 
Returning to the crosses which resulted in partially gravitropic 
progeny, the results may be explained if the partially agravitropic 
phenotypes are dominant over the agravitropic phenotype of 861. If 
this were the case, it would also be expected that the other crosses 
with 858 or 857 as one parent would also result in partially 
gravitropic progeny, and this does not occur, but the test was not 
intended to quantify the amount of curvature and as a result very 
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slight bending of the roots could occur and never be observed. 
Because the progeny of these two crosses were only partialy rather 
than fully gravitropic, and because the rest of the crosses including 
858 or 857 gave rise to agravitropic progeny it is concluded that 861 
is allelic with all of the other genotypes tested. 
Nevertheless, because the progeny of 861x857 and 861x858 were 
obviously partially gravitropic there may be varying degrees of 
dominance between different alleles of this locus, and 861 is a 
potentially interesting candidate for further study. 
The second objective was to establish whether the agr phenotypes 
were caused by lesions at a locus distinct from that of aux-T. The 
results in this respect are clear. Crosses in which aux-1 was one 
of the parents all resulted in progeny that were positively gravitropic, 
which indicates that the agr and aux-1 alleles are distinct. This 
is an important result, which demonstrates the existence of another 
gene participating in the control of gravitropism in addition to 
aux and Dwf. Although it cannot be formally proved that the agr 
and Dwf loci are distinct without mapping the agr locus on the 
Arabidopsis genome, none of the drastic phenotypic alterations of 
the Dwf phenotype were observed in any of the agr plants, 
suggesting that they are caused by mutations at distinct loci. 
The third and final aim of the complementation test was to establish 
dominance relationships between WT and the agr alleles, and between 
alleles of the agr locus. All crosses in which WT was one of the 
parents resulted in progeny which were positively gravitropic 
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demonstrating the dominance of the WT phenotype over the agr 
phenotypes. Dominance relationships between different members of the 
agr family were first indicated by the presence of partially 
gravitropic progeny from crosses between them. The analysis of the 
distribution of root angles after 24 hours of stimulation by gravity 
at 135 degrees to the vertical, of agr-1, agr-2 and agr-3 and 
the F 1 and F2 progeny of crosses between them is shown an addendum to 
section 3.4.3. The results of this much more sensitive method showed 
that agr-2 and agr-3 do have slight responses to gravity and that 
they are dominant to the agravitropic phenotype of agr-1. 
4.1.2. Further analysis of agr-1. 
The recovery of gravitropic:agravitropic phenotypes in the ratio 3:1 
in the F2 generation of the WTxagr-i cross confirms the 
dominance of WT over the agravitropic phenotype, and suggests that 
this agravitropic phenotype is caused by a mutation in one gene only. 
Curvature of the F 1 progeny roots after 24 hours of stimulation 
at 1350 to gravity was slightly less than the WT in a similar 
experiment (section 3.4.3 - addendum (2)). This may indicate 
incomplete dominance of WT over agr-T but if dominance is not 
complete, it is very nearly so. 
4.1.3. Seed size distribution analysis. 
Increased seed size has been shown to be a phenotypic trait of the 
mutant aux-.1 (Martindale, 1982), and the aim of this section was to 
determine whether the seed size distribution in the agr mutants 
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differed from those of aux-1 and WT, and if so, to see whether the 
distributions obtained are inherited traits. In keeping with previous 
findings, the major classes of WT and aux-1 seed were found to be 
250-280 urn and 300-355 urn respectively. The results show that the 
distributions of seea sizes in the agr genotypes tested are not 
consistently different from the WT; in all but one case the major 
class of seed was the 250-280 urn fraction. There was considerable 
variation between seed samples, in both the major class, and in the 
relative proportions of seed in the other classes. The distribution 
of the seed sizes does not, therefore, appear to be ,1 stable inherited 
trait of the agr genotypes. 
The previous findings that the major class of seed in the WT 
sometimes varies (Martindale, 1982) appears also to apply to the 
agr mutants, and the observations from these results suggest that 
the seed size distribution is a variable trait. Some of the agr 
seed samples tested showed a considerable proportion of the seed in 
the smaller size classes, below 200 urn, and this was due to the 
presence of small dark, poorly developed seeds. These must occur from 
harvesting of seeds before maturity, but whether this is due to a few 
seeds developing late in each siliqua, or due to seed from whole 
underdeveloped siliquae is not clear. The fact that these size 
classes were smaller in the WT and aux-t seed samples tends to 
suggest that a disproportionate amount of the smaller seed may be a 
variable phenotypic trait of the agr mutants, but further 
experiments with a large number of seed samples from plants grown 
under strictly controlled conditions would be needed to confirm this. 
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14.1.4. Germination Time. 
This investigation was undertaken to see whether variations in root 
lengths after equal periods of incubation between the agr genotypes 
were due to differences in time to germination after the start of 
incubation, and if so, to determine whether these differences are 
stable inherited traits. The analysis of variance on the data from 
this experiment showed significant differences in germination time 
between the seed samples tested. These results show that not only 
does germination time vary between genotypes, but that the variation 
between samples of one genotype can be as great as eight hours. If 
the time from germination is to be used as a parameter in the design 
of experiments, then these differences should be taken into account, 
and in theory, the germination time of every every seed sample that 
is used should be checked. The results of the agr-1(M 5 ) seed 
sample are interesting in that the germination times appeared not to 
conform to the Normal distribution, and for this reason they were 
left out of the analysis. The percentage germination was poor in 
comparison to the other samples, and the cause of the low viability 
of these seed probably lies with the parent plant. The germination 
time of any given seed sample will be influenced by a number of 
factors, such as its ABA and GA content (Karssen, et a].., 1987) and 
because different seed samples of the same genotype have different 
germination times the reasons must be environmental. The environment 
of a plant during the development of the seed will influence the 
potential benefits of early germination or extended dormancy, and 
because of this it is likely that the nutritional and phytochrome 
status of the parent plant will influence germination time. 
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Differences in watering and illumination are inevitable with the bulk 
culturing of plants in a greenhouse environment, and these 
environmental differences are probably the major cause of this 
variation in germination time. 
4.2. Ultrastructural Studies. 
The most thorough method of making an ultrastructural comparison 
between genotypes would be a morphometrical analysis (see for 
example, Moore, 965), but the comparison of four genotypes in this 
way constitutes a major undertaking and it was decided to restrict 
this section to a less complex comparison. This ultrastructural 
examination of the root caps of WT and the three agr mutants had 
two objectives. Firstly to determine whether there were any obvious 
differences in the morphology of the root caps of the mutants which 
might explain their abnormal gravitropism, and secondly, to check the 
mobility of the amyloplasts in the statocyte cytoplasm by examining 
roots which were inverted one hour before fixation. The discussion of 
the results is correspondingly divided into two sections. 
4.2.1. Structure of the Root Cap. 
In comparing WT with agr-T, agr-2,and agr-3, no gross 
differences were found in the root cap ultrastructure, in respect of 
the type or arrangement of organelles present in the statocytes or in 
their arrangement in the cells. Each statocyte contained a number of 
amyloplasts, which in turn contained multiple starch granules. These 
amyloplasts tended to be located at the distal cell poles in 
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normally oriented roots, and were not intimately associated with any 
other organelle. The ER was found to be distributed throughout each 
statocyte, predominantly around the periphery of the cell, and not 
concentrated in a complex at the distal cell pole as reported in 
several other species (Volkmann, 1974). The model of gravity 
perception of Volkmann and Sievers (1979), requires the distal pole 
of the statocyte to possess a complex of ER with which sedimenting 
amyloplasts interact in different ways in the upper and lower sides 
of a gravistimulated root. This model clearly cannot apply to 
Arabidopsis roots where no such distal ER complex exists, and 
recent evidence has shown that the presence of this complex is not a 
prerequisite for the perception of gravity in cress. Wendt et al. 
(1987) demonstrated that disruption of the normal polarity of the 
statocytes by treatment with cytochalasin caused the ER complex to 
reposition itself at the proximal cell pole, but did not abolish the 
gravitropic response. The treatment with cytochalasin leaves one ER 
cisterna separating the amyloplasts from the plasma membrane, so the 
interaction of the amyloplasts with ER need not be abandoned as a 
model for perception, but modified, so that the ER complex is not 
included. Such a model would require that the amyloplasts exert local 
pressure on the ER, which could be achieved without contact, and that 
this pressure is relieved or altered when the root is tilted from the 
vertical. 
Treatment of cress roots with cytochalasin has a disruptive effect on 
statocyte polarity and since the primary action of cytochalasin is to 
inhibit actin polymerisation (McLean-Fletcher and Pollard, 1980) this 
suggests that actin filaments participate in the maintenance of the 
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polarity of these cells. The current thrust of the research effort of 
Wendt and co-workers in Bonn is towards investigating how the 
cytoskeleton interacts with amyloplasts in the perception of gravity. 
Since cytochalasin treatment disrupted the polarity of the cell, but 
did not prevent perception of gravity (Wendt et al., 1987) this 
result could be interpreted to argue that the cytoskeleton is not 
required for perception unless the effect of the cytochalasin 
treatment had "worn off", allowing the cytoskeleton to normalise, and 
perception to take place, but before the ER complex was repositioned 
at the distal cell pole. 
The presence of microtubules has been demonstrated in statocytes of 
cress (Hensel, 1984a and b), and they appear to act as spacing elements 
between the ER and the plasmalemma, being joined to both of these 
membranes. If this spacing of these membranes is important in the 
mediation of the physical movement of the statoliths into a 
physiological message, removal or alteration of the arrangement of 
the microtubules as a result of a mutation might affect the ability 
of the plant to respond to gravity. Such alteration of the 
miorotubules in the Arabidopsis mutants under study was not 
considered at the time of investigation, and the micrographs of the 
WT and mutants available are not of sufficient magnification to 
visualise these organelles. The other organelle calculated to have 
sufficient density to act as a statolith is the mitochondrion, and 
the distribution of these appears to be random in all of the 
statocytes of the WT and the agr mutants viewed. 
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There appear, therefore, to be no gross alterations in the type or 
the arrangement of organelles found in the mutant statocytes. Moore 
(1985 ) has shown a similar situation in barley, where the root 
statocytes of the agravitropic mutant , agr, have been shown to 
have a normal content and distribution of organelles. In other studies, 
structural changes have accompanied alterations in gravitropism. The 
pea mutant ageotropum (Olsen and Iversen, 1980b) has a different 
distribution of ER in the root statocytes, and the maize mutant 
amylomaize has altered starch granules in the coleoptile (Hertel et 
al., 1969), but clearly the nature of the changes in theArabidopsis 
agr mutants have no similar effect on the gross morphology of the 
putative sensory apparatus. Recent studies have shown that gross 
changes in amyloplast appearance are not accompanied by obvious 
alterations in gravitropism (Caspar et al., 1965). This shows that 
even if gravitropic mutants do have altered root ultrastruoture, the 
correlation need not indicate direct cause and effect. 
This study, and previous investigations by Olsen (1982) and Mirza 
(1983) raised some interesting points about the structure of the root 
cap of Arabidopsis and its role in gravitropism. The results of 
this investigation are not in total agreement with the nomenclature 
of the rows of amyloplast containing cells in the root cap of 
Arabidopsis that was first put forward by Olsen. Her observation of 
five storeys of statocytes with one small cell at the very apex of 
the root, shown in figure 3.2.1, was not confirmed by this study, and 
in many of the sections examined there was no central file of cells 
which could give rise to a terminal apical cell; rather, there were 
two files of statocytes positioned centrally. It must be assumed that 
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those sections that did not show a central file of cells were not cut 
from the exact centre of the root. 
The appearance of the storey IV cells is distinctly different from 
the storey II and III cells in having a denser staining cytoplasm 
with centrally positioned amyloplasts. In most cases, these cells 
appear to serve a secretory function, and in the one specimen that 
did have storey V cells, they had the same appearance as the storey IV 
cells. It is questionable whether these outer cells continue to 
function as statocytes as they differentiate into mucillage secreting 
cells (Volkmann, 1981) 9 and if they do not, the perception of gravity 
must be the responsibility of the other three storeys. The storey I 
cells have a more densely staining cytoplasm than the storey II and 
III cells, and like the cells in storey IV, the amyloplasts are often 
centrally positioned as well as being relatively small. Because of 
this, it may be argued that these storey I cells are still 
differentiating into sto_tocyte-S , and they may not function as 
statocytes until they are mature. If these assumptions are correct, 
the number of cells in the Arabidopsis root cap that are 
responsible for the perception of gravity is very small, in the 
region of twenty. Even if the storey I and V cells do act as 
statocytes, the number is still very small in comparison to the other 
higher plants that are commonly used in the study of gravitropism. 
4.2.2. Amyloplast Mobility. 
In examining the movement of aniyloplasts in WT and each of the agr 
mutants, it was found that in all inverted root caps examined, some 
234 
of the amyloplasts had sedimented under the influence of gravity to 
the proximal cell pole. In WT as well as in the mutants failure of 
the amyloplasts to sediment was apparently due to the oostruction of 
their movement by vacuoles, but in some cells there was no obvious 
reason for such lack of movement. This shows that in the WT roots not 
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all of the amyloplasts in all statocytes are required to sediment for 
perception to take place. If sedimentation of all amyloplasts was 
required for perception of gravity, one hour of inversion should have 
been sufficient for it to take place, since curvature of WT roots 
commences before one hour of gravistimulation has elapsed (Olsen, 
1982). This demonstration of sedimentation of the arnyloplasts in the 
mutants makes it unlikely that loss of amyloplast mobility is the 
reason for their abnormal gravitropism. 
The recent discovery of a "starch free" Arabidopsis mutant (Caspar 
et al,. i95) and a maize cultivar in which the amyloplasts fail to 
develop normally (Moore, 1987) have raised serious doubts about the 
role of ainyloplasts in the perception of gravity. The plastids of 
these mutants fail to develop into the amyloplasts that are commonly 
found in their roots, and electron microscope studies have shown that 
the abnormal plastids do not sediment upon gravistimulation, yet it 
is claimed that the roots still respond to gravity. The Arabidopsis 
mutant has only been reported in a preliminary form, and before any 
firm conclusions can be drawn from its phenotype, fuller 
characterisation of its gravitropic response and the sedimentation of 
its amyloplasts should be made. Olsen et al (1984) showed a 
correlation between reduced rate of amyloplast sedimentation in the 
Arabidopsis mutant aux-i and the lack of a gravitropic response, 
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and this does not agree with the findings of Caspar et al.(1985) 
which appear to show that the failure of the abnormal plastids to 
sediment has no effect on gravitropism. However, the sedimentation of 
amyloplasts is a difficult quantity to measure, and the conclusions 
of Olsen et al. 0984) were based on data from very few statocytes. 
Apparently slower movement could have been due to cells like some of 
those found in this study, where for no obvious reason the 
amyloplasts failed to sediment. 
If the plastids in these recently described mutants do fail to move 
appreciably within the cytoplasm there are two possible conclusions: 
(i) The plastids exert their influence by some means more sensitive 
than by relatively large movements in the cytoplasm; (ii) The 
amyloplasts play no part in the perception of gravity. The second of 
these observations is unlikely, given the weight of correlative 
evidence in favour of the starch statolitri hypothesis. The amyloplast 
structure in Arabidopsis may provide a clue to the answer; in most 
species that have been studied the statocytes are more or less non-
vacuolate, but in Arabidopsis the statocytes contain vacuoles which 
occupy a significant proportion of the cell volume. It is unlikely 
that natural selection would favour a mechanism requiring 
sedimentation of the statoliths throughout the length or width of the 
cell if their path is blocked by another large organelle. 
A picture is emerging, of small movements of organelles within the 
matrix of a sensitive and highly organised cytoplasm, the first 
recorded results of which are electrical changes in the statocyte 
plasma membranes. The effect of the change in direction of the 
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pressure the amyloplasts exert upon gravistimulation is not known, 
nor how the electrical changes are brought about, but since the 
organisation of the internal structure of the statocytes appears 
largely to be due to the cytoskeleton, the cytoskeleton might also be 
responsible for perception. Some of the anomalies in the observations 
made in studies on gravitropism to date may be partially explained if 
the evolution of the gravity sensing mechanism is considered. 
Evolution of gravitropism must have come about because it conferred a 
selective advantage on plants that could maximise the availability of 
light, water and nutrients by orientating their roots and shoots to 
their maximum benefit. If the gravisensing system utilised the 
movement of organelles within the cytoplasm it is logical to assume 
that the critical parts of the plant, the shoot and root tips, should 
evolve as the most sensitive areas, and likewise the most effective 
organelle for the task would also be selected. Such a selection 
system would require that amyloplasts existed for some other purpose 
in order that they could be selected as statoliths, but since they 
serve a metabolic function as storage organelles in other tissues 
there may be reason to suppose that they originally served the same 
purpose in root tips. This is speculation, but if the perception 
system evolved in this way, there is no reason why any organelle more 
dense than the surrounding cytoplasm should not act as a statolith in 
the absence of arnyloplasts. This may mean that all plant cells might 
have the ability to perceive gravity and it might explain the 
graviresponsiveness of the "starch free" Arabidopsis mutant and the 
maize cultivar with non-sedimeriting amyloplasts. 
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4.3. Root growth in relation to 2,4-D. 
In previous studies, two other gravitropic mutants of Arabiaopsis, 
aux-1 and Dwf have been isolated and in both of these, increased 
resistance to the herbicidal effects of 2,4-D accompanied loss of 
graviresponsiveness. A causal relationship between the degree of 
auxin resistance and the severity of the effect of the mutation has 
been suggested (table 1.2.1), in which case it might be expected that 
all gravitropic mutants will have some degree of increased 
resistance. The discovery of a new class of mutants affected at a 
locus distinct from that of aux-1, some of which have reduced 
rather than absent root gravitropism provided an opportunity to test 
this hypothesis. 
4.3.1. Dose responsesof WT, aux-1 and agr-1. 
The dose response tests of WT, aux-i and agr-1 clearly showed the 
similarity in the susceptibility to 2,4-D of WT and agr-t. The 
shape and positioning of the WT and agr-t dose response curves are 
virtually identical, with ED 
5U
values of 60 and 57 nM 
respectively, and in marked contrast to the aux-1 result. This is 
the first instance of an agravitropic Arabidopsis mutant which does 
not also have increased resistance to 2, 14-D and shows that resistance 
and agravitropism need not always occur as pleiotropic effects. Since 
agr-1 is caused by a mutation at a different locus from aux-1,the 
agr and aux genes may be involved in the control of 
different aspects of gravitropism with auxin participating in one but 
not the other. 
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4.3.2. Dose responses of agr-2 and agr-3. 
The first dose response test of these genotypes gave a clear 
indication that the mutant agr-3 had a increased level of 
sensitivity to the effects of 2 9 4-D (figure 3.3.2). This figure 
indicates that sensitivity was not increased over the whole range of 
concentrations, but only in the mid-range of the concentrations used. 
The greatest inhibition of the agr-3 roots tooic place between 
10 8  and 	M 2,4-D where the inhibition of the mutant 
roots was 82 compared to 32 for the WT. The ED 
50 values confirm 
that the roots of agr-3 were more sensitive than WT, with values of 
45 nM and 105 riM respectively. Although the dose response curves do 
not appear to show that agr-2 was appreciably different from the 
WT, the ED 
50 value of 75 riM shows that it too had increased 
sensitivity to the effects of 2,4-D. 
These results were the first indication that multiple alleles 
responsible for differing degrees of sensitivity to 2,4-D might exist 
at the agr locus, in a situation analogous to that of au.x-1 and 
aux-2, but the alterations were in the opposite direction to those 
of the aux mutants, causing an increase in sensitivity rather than 
a decrease. These increases in sensitivity were small, 1.4 times the 
WT value for agr-2 and 2.6 times for agr-3. These genotypes were 
tested over a narrower range of concentrations, around the ED 50s 
and in the steepest portions of the inhibition curves, to clarify 
these differences and to check their repeatibility. The results 
(figures 3.3.3 and 3.3.4) again suggest increased sensitivity of 
agr-2 and agr-3 to the effects of 2,4-D, and as in the previous 
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test the increase was greater in agr-3 than in agr-2. On this 
occasion the magnitude of the differences were smaller; 1.2 times the 
WT value for agr-2 and 1.6 times for agr-3. The possible reasons 
for the variation in the sizes of these differences are discussed in 
a later section. In both dose respose tests involving agr-2 and 
agr-3 the 	latter showed the greater sensitivity and was chosen 
for further investigation. 
To determine whether this feature was a stable inherited trait of 
agr-3, two generations, the N3 and H41  were dose response 
tested. The results (section 3.3.5) confirm the findings of the 
previous dose response tests, that the root inhibition of both 
generations of agr-3 was greater than WT at most of the 
concentrations used, and that these differences were highly 
significant. The confirmation that the N 4 generation of agr-3 
also showed significantly greater inhibition than the WT controls, 
indicates that the trait is an inherited feature of the agr.-3 
phenotype. 
4.3.3. Inhibition at one concentration of 2,4-D. 
The testing of roots for inhibition of growth at one concentration of 
2,4-D rather than conducting a full dose response test, provided the 
benefit of relative simplicity as well as allowing straightforward 
statistical treatment of the data. The results (section 3.3.6) 
confirm that there was no significant difference between the 
inhibition of WT and agr-1 roots on 75 nM 2,4-D and the previous 
observation that the inhibition of the agr-3 roots was 
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greater than WT was reinforced. All three agr-3 samples showed root 
inhibition significantly greater than the WT at the 0.001 level, but 
the roots of agr-2 did not show consistent results, with only one 
of the three samples tested indicating a difference from WT and then 
only significant at the 0.05 level. Nevertheless, the agr-2 result 
was significant and indicates that the increased sensitivity of this 
genotype is very low. The variability in the results for agr-2 may 
be because the altered level of sensitivity is on the limits of 
detection using this system. 
Staggering the input times of the petri dishes into the growth 
cabinet in an effort to synchronise germination times and standardise 
the lengths of the control roots at the end of the incubation period 
did not achieve its intended objective. It could be postulated that 
results indicating increased sensitivity might arise if 2,4-D has a 
greater effect on slower growing roots. This was clearly not the 
cause in agr-3 where two of the three samples had control roots 
longer than those of WT at the end of the incubation period. This 
tends to indicate that there were no differences in growth rates 
between WT and agr-3, and this is supported by the results of 
section 3.4.6 which examined the growth rates of all of the genotypes 
of interest over the relevant period. 
4L3. 14 . Variability in resistance and sensitivity. 
A feature of these experiments on the sensitivity of roots was 
variability in the response of any given genotype. The ED 
50 value 
for aux-i roots in the first dose response test (figure 3.3.1) was 
241 
27-fold higher than the WT value, a greater increase in resistance 
than the published figure of 14-fold (Maher and Martindale, 1980). 
Likewise, the relative increases in sensitivity of agr-2 and agr-3 
varied between experiments: from 1.6 to 2.6 times the WT value for 
agr-3, and from 1.2 to 1.14 times for agr-2. In absolute terms 
too, the resistances of these genotypes were variable, for example 
the ED 50 of WT ranged from 60 riM to 92 riM 2,14-D. The differences 
in absolute measurements of resistance may arise largely from errors 
in the repeated dilutions required at very low concentrations but why 
differences in the relative sensitivities of two genotypes should 
vary between experiments is less clear. 
What is clear from these results is that despite the variation in the 
relative and absolute sensitivities of agr-2 and agr-3 to 2,4-D, 
the alterations were significant and always in the same direction, 
causing an increase in sensitivity of the roots. These alterations 
were in the opposite direction to those in aux-1 and Dwf, but it 
is possible that the direct relationship between gravitropism and 2,4-D 
resistance does apply to the functions affected by the aux and 
Dwf mutations, but the agr mutations may affect another facet of 
gravitropism, in which auxin is involved in a different way. 
Increased sensitivity of the roots to the effects of auxins as seen 
in the agr-2 and agr-3 mutants could arise as a result of 
several types of physiological change. 
(1) Alteration in a receptor. If the sensitivity of root growth is 
mediated directly by a receptor for auxins and there is a direct 
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relationship between sensitivity of the roots and affinity of the 
receptor for the ligand, then the interpretation of the results is 
fairly straightforward. The shift of the agr-3 dose response curve 
to the left of the WT curve would suggest increased affinity of the 
receptor for auxin, or perhaps an increase in the concentration of 
the receptor, resulting in greater net activity of receptor-ligand 
complex. It might be expected that increased sensitivity to the 
inhibitory effects of auxin might be expected to be accompanied by 
slower growth, but the differences in growth rate expect3d for such 
small differences in sensitivity would be small, and none were seen 
in section 3..6. 
Decreased ability to metabolise auxin to an inactive form. If 
agr-3 roots have decreased activity of one or more of the enzymes 
responsible for the degradation of auxin (IAA oxidase, IAA peroxidase 
or polyphenoloxidase) the relative inhibitory effect of a natural 
auxin such as IAA should be less than with 2,-D which is 
metabolised to a lesser extent. Dose response testing of the mutants 
with a range of auxins and synthetic auxin analogues would be a 
logical approach to this question. 
Reduced content of endogenous auxin. The concept of sensitivity 
modulation in the action of plant growth substances is gaining 
increasing support. However, movement of growth regulators and 
alterations in concentration are still seen by many as their likely 
mode of action, and it may be that the activity of these substances 
is governed by a combination of concentration and sensitivity. To 
maintain a status quo, increases in one would be offset by a 
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reduction in the other and vice versa, and the situation in the 
mutant may be that the sensitivity has increased in response to a 
reduction in the level of endogenous auxin. 
Increased uptake of exogenous 2, 14-D. If agr-3 were to take up 
2,4-D from solution more efficiently than the WT, the result would be 
an increased internal concentration, and this would explain the 
increased sensitivity of the mutant. 
Altered transport of auxin. If agr-3 were less able to 
transport applied auxin away from a site of sensitivity, ie, the 
zone of cell elongation of the roots, then accumulation would take 
place to levels greater than in the WT and the observed greater 
inhibition of root growth would be the result. 
Whichever of these possible effects is considered most likely to be 
responsible for the increased sensitivity of the agr-3 roots to 2,4-D 
it must also be consistent with the effect of the mutation on the 
gravitropic aspect of the phenotype and must allow for the existence 
of multiple alleles which exert different effects on the phenotype. 
Further discussion of this topic requires reference to the results 
from the curvature and growth and auxin binding results and will be 
returned to in the concluding section. 
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4.. Gravitropic curvature and growth. 
4.14.1 Root emergence angles. 
The differences between genotypes in the distibution of the root 
angles after seeds were allowed to germinate undisturbed in the dark 
are clear (figure 3.14.1). In the absence of any tropic stimulus other 
than gravity, and with no experimental manipulation of the roots, the 
distribution of the WT roots is as might be expected, with the 
majority in the 170190 class and growing approximately 
vertically downwards. The very tight distribution of root angles 
demonstrates the efficiency of the gravitropic mechanism in normal 
roots. The raw data on the individual root angles (data not shown) 
show that despite the small standard error, very few of the roots 
were actually aligned with 1800  at the time of sampling, with 
less than 0 within 10  of the true vertical. The difference 
between the WT distribution and that of agr-1 is striking, and is a 
clear indication of the agravitropic nature of the mutant roots. The 
chi-square test showed that there was no significant difference 
between the number of roots in the upper and lower halves of the 
diagram, and the mean of the sample is close to the expected value of 
1800 for a random distribution. Taken together, these results are 
persuasive evidence that the roots of agr-1 are truly agravitropic. 
The results of germinating the agr-2 and agr-3 roots in the dark 
with no external influences other than gravity are equally clear. The 
distributions of the root angles show an obvious bias towards the 
bottom of the diagrams, indicating that the effect of the sole 
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influence, gravity, was to cause downward growth, and from that it 
must be concluded that the roots are positively gravitropic. What is 
equally clear from these figures is that the agr-2 and agr-3 
distributions show a greater spread of values than the WT, and this 
is confirmed by the standard error values (table 3.4.1). The s.e. of 
WT of 2.20 is in marked contrast to the agr-2 and agr-3 
values of 9.10 and  5.80 respectively, and these greater 
spreads of values indicate an alteration in the efficiency of the 
gravitropic mechanism of the mutants. A possible cause of the 
increased s.e. is alteration in the perception mechanism whereby the 
minimum deviation from the vertical that the root can detect is 
increased, but assuming the angles that the radicles make with the 
vertical are random when they first emerge, this would not explain 
the majority of the root angles in the classes close to 1800, as 
presumably the roots curved under the influence of gravity to those 
positions. Alterations in transduction or response could also cause a 
reduction in the efficiency of gravicurvature, and this theme is 
returned to in the concluding discussion. 
The germination of the seeds with the additional influence of light 
provided some interesting results (figure 3.4.2). Mirza (1987) showed 
that WT Arabidopsis roots show a curvature in a clockwise direction 
when the direction of the light is perpendicular to the plane of root 
growth, and when the roots are confined to a horizontal surface the 
additional effect of gravity is to intensify this curvature into 
tight coiling of the roots. In the germination of seeds in the light, 
the petri dishes were positioned vertically, but due to the 
attenuated transmission of the light through the agar, the mean flux 
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of light perpendicular to the plane of root growth is towards the 
side on which the seedlings are growing. The effect of this has been 
to cause a clockwise shift of the WT, agr-2 and agr-3 root 
angles, and this can be clearly seen from the appropriate figures. 
The spread of the WT root angles has apparently oeen increased by the 
additional influence of the light, and this is probably due to the 
antagonistic effects of the positive root gravitropism and the 
clockwise curvature. A striking effect of the light on the agr-1 
roots is the alteration of the distribution in favour of the lower 
half of the diagram. The light in the growth cabinet is not 
unidirectional, but the mean flux of light is in a downward 
direction, and a chi-square test on the data showed that the number 
of roots in the lower half is significantly greater than the number 
in the upper half. It is concluded from this that the roots of agr-1 
are negatively phototropic. 
The study of negative phototropism in roots is a neglected area (see 
Ball, 1969 for a review of the relevant literature). No satisfactory 
mechanism for the negative phototropism of roots has been proposed, 
and the central difficulty in explaining this phenomenon is that the 
effect of omnilateral light is generally to inhibit the growth of 
roots, yet unilateral light causes curvature away from the source of 
the light. The net effect of light on Arabidopsis roots is to cause 
a stimulation of root growth, 'but whether this is due to a direct 
effect of the light on the root, or because of an alteration in the 
energy budget of the whole plant in favour of the etiolating 
hypocotyl at the expense of the root in the dark, is unknown. This 
result clearly indicates that although gravitropism has been lost, 
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the agr-1 roots retain negative phototropism, showing that the 
control processes of the two tropic phenomena are separate, and 
importantly, that they have not lost the capacity for differential 
growth in tropic bending. 
4.4.2. Curvature of WT and the three agr mutant roots in response 
to stimulation at 135 to gravity. 
The results of this section showed distinct differences between the 
four genotypes under study. The positive gravitropic response of the 
WT is clear, with a tight distribution of root angles and a standard 
error value of 2.20. This s.e. value is identical to that in the 
dark emergence experiment, and shows that the distribution of the 
root angles does not diverge during curvature. The WT roots achieved 
a mean curvature of 126.20 by the end of the 24 hour stimulation 
period, showing that this period of gravistimulation is insufficient 
for the roots to regain the vertical. The agr-i sample of roots on 
the other hand shows a virtual absence of response to gravity, with a 
mean curvature of 0.50. 
The positively gravitropic nature of the agr-2 roots is confirmed 
by this experiment, which showed that the roots achieved a mean 
curvature of 34.8 0 by the end of the stimulation period, in 
contrast to the 1260  for WT. Partial positive curvature is also 
indicated for the roots of agr-3, confirming the findings of the 
emergence experiments in section 3.4.2, but the striking feature of 
the response of this genotype is the negatively gravitropic nature of 
half of the roots. At the end of the 24 hour stimulation period the 
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two subsets of the roots are at approximately 1800  to each other, 
and perpendicular to the gravity vector, and if these positions were 
to represent the final angles of the roots, then one interpretation 
of the result is that the mutation has been to induce diagravitropism 
in the roots. However there was no suggestion in the emergence 
experiments (section 3.4.2) of the agr-3 roots assuming a 
diagravitropic orientation. Reversal of the polarity of the 
gravitropic response has been reported in other mutants: the shoots 
of the tomato mutant lazy-2 are positively gravitropic and the 
roots of Pisum sativum ageotropum tend to show a negative 
gravitropic response. These results indicate that in the control of 
gravitropism there is a mechanism involved in discrimination of the 
direction of response, and that either the mechanism itself or the 
coupling of this mechanism to the growth response is sensitive to 
changes that can be brought about by a mutation. It appears that agr-
3 has been altered in such a way that it is on the limit of 
discrimination of the direction in which to respond. 
Positive gravitropism in WT and its absence in agr-i were confirmed 
in the repeated 1350 curvature tests, and in both generations of 
agr-2 and agr-3 there was partial downward curvature, showing 
that this is a stable inherited feature of these genotypes. The 
negatively gravitropic aspect of the agr-3 phenotype, however, 
appears to be less predictable, fewer of the seedlings showing this 
type of response in the repeat of the experiment with the 
generation, and a very small number of the M seedlings. Why this 
should be the case is not clear, as the self fertilising nature of 
Arabidopsis means that the M 3 and M generations should 
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have an identical genotype, and when grown under the same conditions 
should therefore show the same phenotype. 
The use of the same 1350  stimulus on the progenies of crosses 
between the agr mutants clearly demonstrated the partial positive 
curvature in progeny of crosses in which agr-2 or agr-3 were one 
of the parents, indicating that there is dominance of the agr-2 and 
agr-3 phenotypes over that of agr-t. The negative gravitropism of 
some roots was present in the agr-1/agr-3 heterozygote, indicating 
that the positive and negative traits are inherited together. The 
virtual disappearance of negatively gravitropic roots in the 
generation and the variability of this aspect of the phenotype in the 
M3 generation suggest that this is a inherited trait with 
variable penetrance, unlike the partially positive gravitropism, 
which is seen in all of the agr-3 samples tested. 
A partial response after a fixed period indicates an alteration in 
the mechanism of gravitropism, but it tells us nothing about its 
nature. The reduction or abolition of gravitropic curvature as seen 
after a fixed period of stimulation could be due to one, or a 
combination of causes as outlined in section 3.4.4. These are as 
follows: 
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(1) Reduced rate of curvature. 
Late onset of curvature. 
Reduced rate of root elongation. 
Early cessation of curvature. 
The investigation of the kinetics of gravitropic curvature and growth 
during curvature was undertaken to discover which of these causes 
underly the altered phenotypes of the agr mutations. They achieved 
their objective and in doing so they also provided useful data on 
the growth of Arabidopsis roots per se. The results are discussed 
in the following sections. 
4.3.3. Nastic movements of WT and agr roots. 
Examination of the mean and standard errors of WT and agr-2 roots 
showed that as populations they did not deviate significantly from 
the vertical (figure 3.4.8). The striking difference between the WT 
and agr-2 roots comes from examination of the curvatures of the 
individual roots. Half of the agr-2 appeared to show oscillatory 
movements that were distinctly wave-like. The true motion of 
oscillating roots is probably best represented by a smooth sine wave, 
rather than the peaked, uneven profiles found here, and it is likely 
that shorter intervals between photographs are required to achieve 
smooth figures. The uneven nature of the profiles has had the 
additional effect of complicating interpolation of the frequency and 
amplitude of this rhythm in the agr-2 roots. The WT roots may well 
have a regular oscillatory rhythm which is of too small an amplitude 
to be detected within the limits of the measuring system. The mean 
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amplitude and frequency of the movements in the agr-2 roots showing 
this oscillatory behaviour (specimens 2, 3, 5, 9, 11 and 2) were 
estimated from the peak to peak and peak to trough distances in the 
relevant portions of the figures. The indications from these results 
are that both the frequency and amplitude of movement are greater in 
agr-2 roots than in WT. The results for both WT and agr-2 are 
variable, and the individual roots of both genotypes do not oscillate 
either side of the plumb line as would be expected if these 
nutational movements are caused by a "gravity overshoot" mechanism of 
nutation. The apparent increase in the magnitude of the movement in 
the agr-2 roots does however, agree with such a model of 
oscillatory motion, as the decreased efficiency of the gravitropic 
response of the mutant would be expected to increase the time taken 
for the root to regain the vertical after each overshoot. This would 
decrease the frequency of oscillation, and the roots might be 
expected to overshoot further each time, resulting in an apparent 
increase in the amplitude. 
However, examination of roots grown in microgravity has shown that 
nutation continues in the absence of gravistimulation, indicating that 
such nutational movements are not dependent on repeated overshoot of the 
plumb line as a result of positive gravitropism (Halstead and Dutcher, 
1987). Why these movements are apparently increased as a pleiotropic 
effect of a mutation which also affects gravitropism is unclear, but 
suggests that the "endogenous oscillator" causing nutation, and the 
mechanism causing gravitropic curvature are in some way linked, 
perhaps sharing a differential growth control process. 
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Growth rates of WT and three agr mutants. 
The growth profiles of WT roots and those of the three agr mutants 
were investigated during vertical growth in the light to simulate the 
culture conditions before gravistimulation. This was intended to show 
whether these genotypes had differing growth rates before the start 
of gravistiinulation which could account for reduced curvature rates, 
and to determine whether periods of equivalent growth rates existed 
for all genotypes which could be used to help standardise comparisons 
of gravitropic curvature. The results of this experiment (section 
3.4.6) showed differences in the growth profiles of these genotypes, 
due in the main to differences in the mean time taken to germinate, 
but that there were periods in the incubation of all genotypes during 
which the growth rates were approximately equal. 
Since the culture system in use throughout this study employed 
simultaneous gravistimulation and transfer from the light to the 
dark, it is possible that there was a reduction in growth rate upon 
gravistimulation due to the straightening of the roots and their 
transfer to the dark, rather than due to the effect of gravity. 
Another series of experiments (section 3.4.7.) was carried out to 
determine whether, in the absence of gravistimulation, the mechanical 
straightening of the roots and their transfer to the dark caused a 
reduction in growth rate. 
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4.4.5. The effect of straightening and darkening on the growth of WT 
and agr mutant roots. 
The absence of curvature in agr-i and the reduced rates of 
curvature of agr-2 and agr-3 were shown not to be due to reduced 
rates of root growth. The WT and agr-i roots did show a transient 
reduction in the growth rate at 145 hours, but this was before the 
straightening procedure. Since the WT and agr-1 roots both showed 
this behaviour at the same time, and because these two genotypes dere 
tested on the same petri dish, it is possible that the reduction in 
growth rates at this point were due to some external influence such 
as a change in the ambient temperature. WT and agr-1 roots both 
showed a slight reduction in growth as a result of the straightening 
and darkening procedure, which was slightly greater in agr-1. The 
shapes of the growth profiles are by no means smooth during this 
period, and the reduction in the growth rates before the manipulation 
make the significance of this difference questionable. The agr-2 
roots showed no immediate reduction in growth rate after the 
manipulation, but like agr-1 the average growth rate in the 12 hour 
period afterwards was less than in the preceding 12 hours. Again in 
common with agr-1, the reduction in growth rate was small, and not 
of sufficient magnitude to be the cause of its reduced gravitropic 
response. 
The result for agr-3 is unlike the other genotypes, showing a 
complete cessation of growth after approximately 39 hours of 
incubation. The agr-2 and agr-3 genotypes were tested on the same 
petri dish, and since the roots of agr-2 show none of this 
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behaviour, it is unlikely to be due to the effects of an alteration 
in the incubation environment. The cessation of growth in the agr-3 
roots occurred before the manipulation so the question remains; why 
should a sample of otherwise apparently normal agr-3 seedlings show 
a complete halt in root growth? If the environment of the culture 
plates was not responsible, and neither was the experimental 
manipulation of the seedlings, then the answer must lie with the 
seedlings themselves. It would appear that the agr-3 mutation is 
not to blame because the same result did not occur in the previous 
experiment when the roots were allowed to grow undisturbed in the 
light. The reason for this result remains a mystery, as when it was 
repeated, using agr-3 only, there was no trace of this behaviour, 
and the roots elongated virually uniformly, with a growth rate 
greater than that of WT until the straightening and transfer to the 
dark after 60 hours of incubation (figure 3..11). The effect of the 
manipulation in this repeat of agr-3 was to reduce the growth rate 
from an average value of 0.22 mm h to 0.13 mm h 1 . This 
reduction in the growth rate was greater than in the WT and may 
contribute to the reduced gravitropic curvature of agr-3 roots seen 
in the 135 stimulation experiment (section 3.14.3). 
14.14.6. Growth and curvature of WT and agr mutant roots with 
stimulation at 900  to gravity at equivalent physiological ages. 
This experiment was intended to make a comparison between WT and the 
three agr mutants in respect of their gravitropic curvature, having 
shown that there are no differences in growth rate before 
gravistimulation that could account for reduced curvature rates in 
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the mutants. Gravjstimulation was commenced after periods of 
incubation that were expected to give approximately three mm long 
roots with equal growth rates for all four genotypes. The results of 
this experiment (figure 3.4.12) show clearly the agravitropic nature 
of the agr-1 roots, the mean root angle of which never deviated 
more than 60 from the horizontal, in contrast to the WT figure 
which demonstrated positive curvature. The agr-1 roots were 
slightly faster growing than the WT roots between three and six hours 
of incubation, but over the whole stimulation period 	the two 
growth profiles were very similar. The cause of the agravitropism of 
the agr-t roots is clearly not due to a reduction in the growth 
rate causing a reduced rate of curvature. 
The agr-2 roots showed an initial period of positive curvature, the 
mean value reaching 140 after 7 hours of stimulation, after which 
the roots ceased bending in the positive direction and showed what 
appear to be random movements, but over the rest of the incubation 
period the net movement was in a positive direction, with a maximum 
of 200 of curvature. In the early stages of stimulation the 
growth of the 'Mr-2 roots was faster than those of WT showing that 
reduced root elongation was not a contributory factor to the reduced 
rate of gravicurvature. Growth of the agr-2 roots did, however, 
appear to be affected in the later stages, as unlike the other 
genotypes the growth rate eventually fell to zero. Preliminary 
experiments showed (data not shown) that if seedlings of any genotype 
were cultured in the dark for sufficiently long, the rate of root 
growth eventually approached zero, and it may be that the cessation 
of growth in agr-2 roots in this experiment was an early 
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manifestation of the same feature. If this is the case then this 
pleiotropic effect of the agr-2 mutation might be due to an 
alteration in the nutritional status of the roots rather than a 
direct effect on their capacity for growth. 
The agr-3 roots also showed an initial phase of positive curvature 
which was more rapid than that of agr-2, reaching a mean value of 
180 of curvature after 18 hours, before it too showed a cessation 
of positive bending and an onset of apparently random movements. 
Unlike agr-2 there was a second phase of positive curvature which 
resulted in a final curvature of 3b 0 . The dual nature of the 
gravitropic response of agr-3 seen in the curvature tests with 
stimulation at 135 to the vertical was not observed in this 
experiment, and due to the variable nature of this trait the 
experiment was repeated with agr-3 to see If it could detected with 
a stimulation angle of 900 (section 3.4.10). In the repeated 
experiment four out of twelve of the seedlings had roots which were 
negatively gravitropic, and at the end of the incubation period the 
two subsets had root angles that were significantly different. This 
observation shows that the dual type of response can occur with a 
stimulation angle of 900 and reinforces the view that the 
negatively gravitropic nature of some agr-3 roots is a variable 
feature of the phenotype. 
In these experiments the rate of growth of all three mutant roots 
were faster in the three hour periods chosen for comparison (3-6 h 
for WT, agr-i and agr-3, and 4.5-7.5 h for agr-2), showing that 
a reduction in growth rate cannot be a contributory factor to the 
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reduction in the rate of curvature. In agr-2 and agr-3 the 
mutations appear to have two effects, reduction in the initial rate 
of curvature and the early cessation of curvature. Discussion of the 
possible action of these mutations is made in the concluding section. 
.4.7. Estimation of the presentation time of WT roots. 
The preliminary experiment without the use of the clinostat (section 
3.4.10) indicated that the WT roots had a presentation time of 
between 5 and 10 minutes. The stimulation times used in the 
experiment utilising the clinostat were chosen so that the 
presentation time could be extrapolated from a line joining the data 
points. Unfortunately the 10 minute point has a large error bar, and 
does not form a smooth line with the rest of the points, so accurate 
extrapolation of the presentation time is not possible. The roots 
which received the 10 minute stimulation clearly responded in a 
positive direction, so the presentation time must be shorter than 
this period. No stimulation times shorter than 10 minutes were used 
so on the basis of this experiment and the preliminary one, the 
presentation time can only be estimated at between 5 and 10 minutes. 
This is shorter than the threshold dose of gravistimulation for roots 
of the Estland ecotype of Arabidopsis of 1- 1 .5x103 gravity seconds 
(17-25 minutes horizontal stimulation in 1 g) reported by Eullen and 
Poff (1986). 
The presentation time is a parameter of gravitropism that could be 
modified as a result of a mutation, for example, by reducing the 
sensitivity of a subcellular structure to the motion of statoliths, 
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and the investigation of the presentation times of mutants with 
reduced gravitr opic responses represents a potentially fruitful 
avenue of study. The time lapse photography method in use in this 
study could potentially detect an extended latent period if a short 
enough interval between photographs were used. The time lapse series 
taken in section 3..8 were not intended to examine this aspect of 
curvature, and the interval chosen was too long, but scrutiny of the 
lag times of WT and the agr mutants is seen as a logical extension 
of this work. 
4.5. Auxin binding studies. 
It is convenient at this point to consider the criteria that should 
be met if a binding site can be considered a true receptor. These are 
quoted in an abbreviated form from Venis (1987). 
Binding should be reversible, of high affinity and of finite 
capacity. 
The saturation range of binding should be consistent with the 
concentration range over which the physiological response saturates. 
Binding specificity for different hormone analogues should be 
approximately in accordance with the relative biological activities 
of the compounds. 
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(iv) Binding should lead to a hormone specific response. 
(v) Binding should be confined to hormone responsive tissues. 
To show that binding in a particular system satisfied all of these 
criteria would constitute a major research project in itself, and was 
not the objective of this section of the study, which was to 
determine whether any reversible binding of NAA could be detected in 
crude membrane extracts of whole seedling tissue, and to compare the 
characteristics of this binding in WT and the aux-t mutant. 
The use of a mutant which has altered sensitivity in this binding 
study had two potential benefits. Demonstration of a difference in 
the auxin binding characteristics in the wild type and mutant would 
most likely Indicate an alteration in a gene product, which would 
tend to show that the primary'effect of the mutation is on the auxin 
physiology of the organism and that the gravitropic aspect of the 
phenotype is a secondary one. Secondly, the demonstration that 
differences in auxin binding are correlated with clear phenotypic 
differences in gravitropisin and auxin sensitivity would strongly 
suggest that the binding itself is meaningful and probably 
constitutes interaction of the auxin with a membrane bound receptor. 
L5.1. Total reversible binding of NAA. 




The results of section 3.5.2 showed that NAA readily bound to the 
extracted membranes of whole Arabidopsis seedlings, and that a 
small proportion of the bound ligand was reversible. The percentage 
of the total bound NAA that was reversed by 1U -4 M NAA was 
variable, ranging from Lê% to 26.5%. The figures for the total NAA 
bound per gramme fresh weight of plant tissue suggest that where the 
values of the reversible proportion of the binding were larger than 
average, they were so because of a reduction in the irreversible 
binding, but there was no obvious reason for this variation. The use 
of frozen plant tissue for the binding assays had no clear effect on 
the total amount of NAA bound or on the proportion that was 
reversible, a finding that may facilitate future binding studies in 
Arabidopsis, as the ability to freeze the tissue confers 
considerable practical advantages. The binding that was not 
reversible by 	M NAA probably represents adsorption of the 
lipophilic NAA molecules to the membranes in the extract, or their 
uptake into sealed vesicles. 
When 2,4_D is included in the culture medium of artichoke tuber 
explants it induces the appearance of an IAA binding site (Trewavas, 
1980), which tends to indicate that the concentration of auxin in 
this tissue is a factor in the regulation of its own receptor. 
Another instance of a similar phenomenon was reported by 
Bhattacharyya and Bisuas (1982)who found that pre-treatment with 
auxin induced a high affinity binding site in Avena root tissue. If 
the induction of the site by the ligand itself is a general feature 
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of auxin binding sites, the small amount of binding in Arabidopsis 
might be raised to more useful levels by culturing the tissue in 
auxin. Efforts to achieve this in Arabidopsis were unsuccessful, as 
it was found that culturing the seedlings in 	M NAA had no 
appreciable effect on the total amount of NAA bound or on the size of 
the reversible percentage. 
Culture of the seedlings in the dark had the effect of increasing the 
total NAA bound, and consequently the reversible proportion of the 
binding was smaller than in most of the other experiments. This 
increase in irreversible binding may be due to a greater 
proliferation of membranes in the dark-grown tissue, but why the 
absence of light should have had this effect is unclear. Etiolated 
leaf tissue has proplastids which contain pro-lammelar matrices of 
membranes which break down and reform into the laminelar arrangement 
when illuminated, but whether the etiolated tissue contains a greater 
quantity of membranes is a matter for speculation. 
(v) Specificity. 
A comprehensive treatment of the wide range of auxin analogues 
available was beyond the scope of this study, but to test the 
specificity of the binding site(s), benzoic acid (BA) was used as the 
displacing ligand. BA is a simple organic acid which, in common with 
auxin analogues has an aromatic ring but has a methanoic rather than 
an acetic acid moiety. Displacement of the bound NAA with BA suggests 
that the binding site has a low specificity and does not discriminate 
between the acetic and methanoic acid moieties of these ligands, and 
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may suggest that the binding is due to hydrophobic interactions of 
the aromatic rings. 
When BA was used as the displacing ligand in this series of 
experiments it was found to be almost as effective as NAA at 
competing for the reversible sites, and as such indicates that these 
sites do indeed have a low specificity for the ligands that are 
bound. Although high specificity is broadly accepted as a criterion 
for a receptor, one of the binding sites present in maize coleoptiles 
has a relatively low specificity, the Site 1 characterised by Batt et 
al. (1976). This site has a higher affinity for NAA than Site 2 9 but 
binding is inhibited competitively by benzoic acid, and it is 
possible that the binding of NAA in Arabidopsis is to a site 
analogous to Site I in maize coleoptiles. 
Despite the apparent low specificity of the binding found in this 
study and the low level of binding, this is the first report of auxin 
binding in this organism, and given the range of mutants available 
with altered sensitivity to auxin, refinement of the system and its 
further study are highly desirable. In the original report by Hertel 
et al. (1972), the level of reversible auxin binding to maize 
coleoptile membranes, was less than 20% of the total bound, and was 
increased through modification of the experimental procedure until 
the conditions for binding were optimized. This study used the same 
buffer compositions as were used by Batt et al. (1976) and it is not 
surprising that the proportion of reversible binding was low, as the 
experimental material was from a different tissue of a different 
organism. The greatest proportion of reversible binding that was 
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found in this study was 26.5 9 and it is probable that this will be 
increased further when optimal conditions for binding are found. Once 
a binding system in Arabidopsis is refined to the stage where 
higher levels of binding are regularly achieved, and large amounts of 
suitable plant material are available, the potential for furthering 
the understanding of auxin reception using these mutants is great. 
4L5.2. The kinetics of NAA binding. 
The experiments in section 3.5.3 were intended to investigate the 
kinetics of NAA binding to the extracted Arabidopsis membranes. The 
method used the addition of labelled NAA followed by the addition of 
cold NAA at a range of concentrations. Using this method the quantity 
of NAA specifically bound at each concentration was estimated, and 
this data was used to estimate the dissociation constant of binding 
and the concentration of binding sites in the source tissue. This 
section of the study was complicated by a shortage of suitable plant 
material, large quantities of which were required for each assay. The 
net result of this shortage was a small number of data points in each 
experiment which makes the interpretation of the results difficult. 
The raw results of the first kinetics of ainding experiment (figure 
3.5.1) show that there was a reduction in the bound label with 
increasing concentration of NAA, which appears at first sight to 
suggest saturation kinetics. However, the shape of the figures 
indicate that the largest drop in DPM, corresponding to the greatest 
increase in the bound NAA occured between 2x10 5 M and 	M 
free NAA. If binding continues as the concentration is increased 
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above iO M, as figure 3.5.3 suggests that it is, then it would 
appear that a pkoportion of the reversible binding is not saturable. 
The Scatchard plot of the data show that the aux-i points fall on a 
fairly straight line, and the regression line through them gives an 
apparent Kd of aproximately 6.7x10' 5 M. The WT data points form a 
less satisfactory straight line but the calculation of the LCd gives a 
value of 1.2x"10-4 M. These figures are at least an order of 
magnitude greater than the majority of the put,lished values for NAA 
binding sites. The calculation of the number of binding sites gives 
values for WT and aux-I of 465 and 535 pmol g- 1 fresh tissue 
respectively, which again are larger than published values. 
A further experiment showed that in WT the binding was not saturated 
at 10 -3 M (figure 3.5.6) and as such a certain proportion is 
almost definitely unsaturable. There may well be more than one type 
of Dinding site in a situation analogous to that found in maize, and 
the Scatcnard analysis of the data (figure 3.5.8) tends to suggest 
that this is the case. The aux-1 data are of limited use due to the 
fact that there are only three points, but the most likely 
interpretation of the WT data is that the true shape of the figure is 
curved, falling to a steady value. This would indicate a 
heterogeneous population of binding sites, the points on the right of 
the figure representing those that are unsaturable. The first three 
WT points at the left of the figure form a reasonable straight line, 
and as such may represent a binding site with saturation kinetics. 
The LCd calculated from the regression line through these three points 
is found to be 1.45x10 5 H, in the same order of magnitude as the 
aux-i value found in the previous experiment. The number of binding 
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sites per mg of protein was found to be 40, corresponding to a value 
of 122 sites per gramme of plant tissue, which is at the upper end of 
the range of quoted values cited by Venis (1985). Given the paucity 
of data points, the justification for constructing a regression line 
through these three particular points and calculating a Kd from them 
is open to question, but the value obtained is in fair agreement with 
those from the previous experiment, given the variability in the 
system. 
Together, these experiments raise some important points. There was 
certainly some binding in membrane extracts of Arabidopsis which 
appeared to have saturation kinetics, and the indications from these 
experiments are that the Kd is probably in the 10 -4 to 1O N 
range which is higher than expected, given the published data from 
other systems. When considering the Kd of binding it should be borne 
in mind that the Kd gives an estimate of 50 occupancy of the binding 
site, and this is generally assumed to coincide with 50 response of 
the receptor/ligand complex. However, it is the case with some animal 
hormones which utilise secondary messengers that the response curve 
is shifted to the left of the occupancy curve (Strickland and Loeb, 
1981), and the effect of this is that 50% response occurs at a lower 
concentration of the ligand than the Kd suggests. Whether the 
analogous situation occurs in plants has yet to be discovered, but 
if it were the case, binding with a affinities as low as these might 
be physiologically significant. 
These experiments provided some new data on NAA binding in 
Arabidopsis but failed to show differences in the nature of the 
binding site between WT and the mutant aux-1. It is clear that 
there was no gross difference between the WT and aux-1, such as 
total absence of binding or an alteration in the Kd of several orders 
of magnitude, but small differences between the two genotypes might 
be concealed by the errors in the system. There was considerable 
variability in the results of both genotypes, but the best comparison 
of them is provided by figure 3.5.7 using the data from both 
experiments. It shows that the WT figures fall approximately between 
those of aux-1, and this indicates that if there were any slight 
differences between them the errors of the systen are toogreat to 
resolve them. 
4.5.3. Binding of naphthylphthalamic acid (NPA). 
Two experiments were carried out in an attempt to detect any 
difference in the binding of NPA to the membrane extracts of whole 
seedlings. The same pelleting assay was used as in the NAA binding 
assays, but only very low levels of binding were detected, and these 
were not repeatable. Whether this is due to the absence of NPA 
binding in Arabidopsis or whether the conditions for binding were 
unfavourable is unknown. 
It may be concluded from the results of this auxin binding section 
that Arabidopsis represents a promising subject for the study of 
the reception of auxin, given these preliminary results and the 
availability of mutants with altered sensitivity. Estelle and 
Somerville (1987) describe a further class of Arabidopsis mutants 
with decreased susceptibility to the effects of 2,-D, which have 
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altered leaf, inflorescence and flower morphologies, and they state, 
"the study of in vitro binding of 2 9 4D in extracts prepared from 
wild type and mutant may help to identify an auxin receptor". This 
study has shown the presence of auxin binding in Arabidopsis 
membrane extracts, and has prepared the way for such future work. 
The development of the binding system requires considerable 
refinement, the two principle problems being the high level of 
urisaturable binding and the difficulty in producing sufficient 
quantities of plant material. The highest percentage of the total 
binding that was reversible in this study was 26.5%, greater than the 
equivalent value in the original report of Hertel et al. (1972), and 
it is probable that with appropriate development similar 
improvements could be achieved. 
The use of whole seedlings rather than root tissue was a concession 
to the extremely small size of this plant, but ideally one tissue 
should be used. It may be that the binding found in this study is to 
membranes from the hypocotyl or cotyledon tissue, and without 
performing assays on membrane extracts from the individual tissues 
there is no way of knowing if this is the case. Dissection of 
sufficient roots would need to be carried out on an enormous scale 
and would be a technically demanding excercise, and for this reason 
and the desirability of using sterile material, the solution to this 
problem may lie in tissue culture. Sterile culture of roots is 
readily achievable, and since the root tip and zone of elongation are 
the prime regions of interest, proliferation of laterals could be 
induced by addition of auxin to the medium. Culture of roots on a 
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large scale in liquid nutrient media would provide the gramme-
quantities of one type of tissue required, and the standardisation of 
the culture method would be expected to aid the repeatability of the 
binding results. The use of such a culture system would also mean 
that binding in Dwf roots could also be studied, as the problems of 
lack of seed and the heterogeneity of genotypes in the seed stocks 
could be bypassed. 
The investigation of binding to extracts from cultured cells is also 
a desirable avenue of study. 
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4.6. Five approaches to one problem - A synthesis. 
The project initiated the study of a new class of putative 
agravitropic mutants. Complementation analysis showed that these are 
caused by lesions at a locus which is distinct from the aux- 1 and 
Dwf loci, and this demonstration of mutations Ln a third gene 
reinforces the view that gravitropism is under complex genetic 
control. 
The major phenotypic differences between WT and the three agr 
mutants were characterised, showing the existence of a new class of 
mutant, which has roots with reduced rather than totally abolished 
gravitropic curvature. Kinetic analysis of the development of 
curvatures showed that agr-t roots are totally agravitropic, 
whereas agr-2 and agr-3 roots show both reduced rates of 
curvature and early cessation of curvature. The mutations do not act 
by reducing the growth rates of the roots and an ultrastructural 
study showed that the mutant phenotypes do not result from gross 
alterations in root cap structure, or due to failure of the root cap 
amyloplasts to sediment. 
The mutant agr-3 is of particular interest, as it shows negative 
gravitropism as a variable feature. The negatively responding roots 
curve away from the gravity vector in a direction which would elicit 
a stronger positive response in WT roots. This suggests the absence 
of a feedback system which modulates the response after the 
initiation of curvature. Similar reversal of the normal polarity of 
the gravitropic response is a feature that has been reported in two 
VU 
other mutants. The roots of Pisum sativum ageotropuin grow 
upwards when placed horizontal (Olsen and Iversen, 1980a), and the 
aerial parts of the tomato mutant lazy-2 have a positive 
gravitropic response (Roberts, 1987). There is clearly a genetically 
controlled step in gravitropism which determines the direction of the 
response, and which is liable to switching by a mutation. 
Investigation of the responses of the mutant roots to the inhibitory 
effects of 2, 14-D revealed a complex relationship between alterations 
in gravitropism and auxin sensitivity. Adversely affected 
gravitropism and reduced sensitivity to auxin appear to be recurring 
features in the study of gravitropic mutants in a number of species. 
The discovery that increased sensitivity to the effects of 2,4-D is a 
feature of the agr-3 phenotype is a further indication that auxin 
and gravitropiszn are closely related, but the alteration in 
sensitivity is in the opposite direction to that observed in all of 
the other examples. 
Figure 1.6.1 is a diagramatic representation of the relative 
sensitivities to 2,-D of the Arabidopsis mutants with altered 
gravitropic responses. In aux-1, aux-2 and Dwf there is a 
proportional relationship between the resistance to 2,4-D and the 
severity of the effect of the mutation on gravitropism, and the 
simplest interpretation of this relationship is the progressively 
more severe effect of the mutations on a receptor for auxin which 
controls some step in the gravitropic process. The decreased 
sensitivities of the barley mutant, agr (Tagliani et al., 1986), 
and the dgt tomato mutant (Kelly and Bradford, 1986) are also 
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Figure 4.6.1. The relative sensitivities to 2,4-D and the 




consistent with this hypothesis. There is also a relationship between 
sensitivity and gravitropism in the agr phenotypes, but in the 
opposite direction to that in these other mutants. The roots of agr-1 
are agravitropic and have normal sensitivity to 2,4-D; agr-2 has 
a slight gravitropic response, and a very slight increase in 
sensitivity as a variable trait; agr-3 has a slightly greater 
gravitropic response than agr-2, and a larger increase in 
sensitivity. If this relationship is real, it would appear that a 
certain level of sensitivity is required for a response to occur and 
that with increasing sensitivity there is a stronger gravitropic 
response. However WT does not fit into the sequence as it would be 
expected to have greater sensitivity than any of the agr mutants, 
but the levels of sensitivity in agr-t and WT are equal. 
There is clearly no relationship between the severity of the effect 
of the mutations on gravitropism and the alterations in sensitivity 
to auxin which applies to all of the mutants, and the results 
indicate that auxin participates in two steps of gravitropism, and 
that the agr mutations affect a different process than the aux 
and Dwf mutations. It is clear that root gravitropism is a 
phenomenon of great complexity, and the diverse phenotypes of the 
range of Arabidopsis mutants available have shown that there is 
unlikely to be a simple model which takes into account all of the 
phenotypic differences. 
The possibility that the aux.-1 phenotype is caused by alteration of 
an auxin receptor was addressed in the section on auxin binding. If 
the binding that was observed was due to a receptor, gross 
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differences such as the absence of an auxin receptor or alteration of 
its affinity for auxin by several orders of magnitude can be ruled 
out, but the resolution of the system was inadequate to demonstrate 
any slight differences that might exist. 
4.6.1. The putative site of the agr lesions. 
The three phase model of gravitropism may be regarded as a process in 
which perception of a shift from the vertical results in the 
transmission of a quantity of "signal" commensurate with the angle of 
stimulation, and the elongating tissue responds to the signal by 
initiating differential growth which returns the root to its liminal 
angle. There are two ways in which the vertical root orientation 
could then be maintained. Firstly by negative feedback, reducing the 
quantity of signal as the deviation of the root from the vertical is 
reduced, resulting in zero transduction as the root regains the 
vertical. Secondly, by a system without feedback, which would result 
in initiation of curvature which is only brought to a halt by 
overshoot of the plumb line and a response to gravity in the other 
direction. The final effect of the second option would be oscillatory 
movement of the root tip either side of the vertical. In either of 
these cases the elongating tissue must be sensitive to the signal 
that is transduced, and the signal itself must be regulated in 
quantity. 
The early cessation of gravitropic cutvature seen in the agr-2 and 
agr-3 roots could be due to a lesion in the perception phase such 
that the threshhold angle for perception is increased, but it could 
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equally be caused by an overall reduction in the capacity for 
production of the signal. There might still be quantitative variation 
in the amount of signal transduced, but if the overall production is 
limited by the mutation, the amount sensed by the elongating tissue 
would fall below the threshold of sensitivity before the vertical is 
regained. In a similar way the effect of the mutation might be to 
increase the sensitivity threshold of the elongating cells to the 
signal, and the effect of this would be that the threshold is reached 
before the roots return to the vertical. Quantitative alterations in 
the amount or activity of a gene product which regulates the 
transduction of the "signal" or the sensitivity of the elongating 
tissue to it are in keeping with the isolation of allelic mutants 
with different quantitative effects on gravitropism, as is the case 
with the agr locus. However, the phenotypes of the agr mutants do 
not show clearly which phase is affected. 
The division of gravitropisin into three phases is convenient, but it 
is an ageing model with its origins in the Cholodny-Went hypothesis, 
and it is strongly suggestive of a hormonal mechanism. The continued 
design of experiments around this model and attempts to fit new 
results into its framework may be restricting the scope of our 
thinking and consequently our ability to conceive possible solutions 
to the problems posed by gravitropism. 
When gravitropism is considered in isolation from the three step 
model, there appears to be no requirement for an all important growth 
controlling substance, or its translocation within the root. The 
simplest way that a horizontally placed root could achieve 
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differential growth would be to change the arrangement of cellulose 
microfibrils in the upper and lower cells, hence determining the 
extent of longitudinal expansion. This could be achieved by reducing 
the number of longitudinal microfibrils in the cell in the upper side 
allowing greater longitudinal expansion, or by an increase in the 
number of longitudinal microfibrils in the lower side. The orientation 
of the cellulose microfibrils in the cell wall is determined by the 
orientation of cytoskeletal elements in the cell as the wall is laid 
down, and the simplest transduction event that can be visualised is 
the programming of the upper and lower apical sub-initials in the 
root meristem upon gravistimulation, by controlling the arrangement of 
the cortical microtubules. 
The time required for a sub-initial to "move " to the elongation zone 
would have to be within the latent period for such a system to be 
feasible. In the absence of an accurate estimate of the latent period, 
and without data on the time taken for a meristematic cell to reach 
the zone of cell elongation, this model must remain speculative, but 
it illustrates the lack of a requirement for growth controlling 
substances. 
Unravelling the complexity of the real phenomenon may be complicated 
by the view of gravitropism as a series of events contributing to one 
process. It is sometimes useful to regard developmental events in an 
evolutionary context, and the diverse and often apparently 
contradictory observations might be explained if gravitropism is 
achieved not by one process in isolation, but by a number of 
different processes that have been selected over millenia due to 
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The isolation of the genes controlling gravitropism and the 
identification of their products constitutes a major new objective in 




Section 3.4.5. described the nastic movements of WT and agr-2 roots 
growing vertically in the dark. Details of the movements of the 
individual roots are presented here in figures A1.1 and A1.2. 
Deviations to the right of the plumb line are denoted positive, ani 
the individual specimens are numbered (1) to (9) for WT and from () 
to (12) for agr-. 
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Figure A'.i. Nastic movements of the individual WT roots from section 
3.4.5. The specimens are numbered (1) to (9). Positive deviations of 
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Figure A1.2. Nastjc movements of the individual agr-2 roots from 
section 3.4.5. The specimens are numbered () to (12). Positive 
deviations of the roots from the vertical were to the right (facing 
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